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We review a resistor network approach to the numerical solution of the inverse
problem of electrical impedance tomography (EIT). The networks arise in the
context of finite volume discretizations of the elliptic equation for the electric
potential, on sparse and adaptively refined grids that we call optimal. The
name refers to the fact that the grids give spectrally accurate approximations
of the Dirichlet to Neumann map, the data in EIT. The fundamental feature of
the optimal grids in inversion is that they connect the discrete inverse problem
for resistor networks to the continuum EIT problem.

1. Introduction

We consider the inverse problem of electrical impedance tomography (EIT) in
two dimensions [Borcea 2002]. It seeks the scalar valued positive and bounded
conductivity o (x), the coefficient in the elliptic partial differential equation for
the potential u € H(Q),

V- [o(x)Vu(x)]=0, x €. (1-1)

The domain € is a bounded and simply connected set in R? with smooth boundary
%. Because all such domains are conformally equivalent by the Riemann mapping
theorem, we assume throughout that €2 is the unit disk,

Q={x = (rcosb,rsinf), rel0,1], 8 €[0,27)}. (1-2)

The EIT problem is to determine o (x) from measurements of the Dirichlet to
Neumann (DtN) map A, or equivalently, the Neumann to Dirichlet map A:r,.
We consider the full boundary setup, with access to the entire boundary, and the
partial measurement setup, where the measurements are confined to an accessible
subset B 4 of B, and the remainder B; = B \ B4 of the boundary is grounded

(u|%1 = 0).
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The DIN map Ay : H'/2(®) — H~1/2(B) takes arbitrary boundary potentials
ug in the trace space H 1/2(®) to normal boundary currents

Asug(x) =0o(x)n(x)-Vu(x), x € B, (1-3)

where n(x) is the outer normal at x € % and u(x) solves (1-1) with Dirichlet
boundary conditions
ux) =ug(x), xeB. (1-4)

Note that A, has a null space consisting of constant potentials and thus, it is
invertible only on a subset $ of H —1/2(ap), defined by

= {J e H~Y2(®) such that / J(x)ds(x) = 0} . (1-5)
B

Its generalized inverse is the NtD map Ai : $ — H'/2(®), which takes boundary
currents Jg € $ to boundary potentials

Al Jg(x) =u(x), xe®. (1-6)
Here u solves (1-1) with Neumann boundary conditions
o(x)n(x)-Vu(x) = Jgp(x), x €%, (1-7)

and it is defined up to an additive constant, that can be fixed for example by
setting the potential to zero at one boundary point, as if it were connected to the
ground.

It is known that A, determines uniquely o in the full boundary setup [Astala
et al. 2005]. See also the earlier uniqueness results [Nachman 1996; Brown
and Uhlmann 1997] under some smoothness assumptions on o. Uniqueness
holds for the partial boundary setup as well, at least for 0 € C3€(Q) and € > 0,
[Imanuvilov et al. 2008]. The case of real-analytic or piecewise real-analytic o
is resolved in [Druskin 1982; 1985; Kohn and Vogelius 1984; 1985].

However, the problem is exponentially unstable, as shown in [Alessandrini
1988; Barcel6 et al. 2001; Mandache 2001]. Given two sufficiently regular
conductivities o1 and 03, the best possible stability estimate is of logarithmic

type
lor — o2l oo (@) < ¢ [log | Aoy — Aoyl 2@y w172y | - (1-8)

with some positive constants ¢ and «. This means that if we have noisy measure-
ments, we cannot expect the conductivity to be close to the true one uniformly
in €2, unless the noise is exponentially small.

In practice the noise plays a role and the inversion can be carried out only
by imposing some regularization constraints on . Moreover, we have finitely
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many measurements of the DN map and we seek numerical approximations of
o with finitely many degrees of freedom (parameters). The stability of these
approximations depends on the number of parameters and their distribution in
the domain €2.

It is shown in [Alessandrini and Vessella 2005] that if o is piecewise constant,
with a bounded number of unknown values, then the stability estimates on o are
no longer of the form (1-8), but they become of Lipschitz type. However, it is
not really understood how the Lipschitz constant depends on the distribution of
the unknowns in 2. Surely, it must be easier to determine the features of the
conductivity near the boundary than deep inside 2.

Then, the question is how to parametrize the unknown conductivity in numer-
ical inversion so that we can control its stability and we do not need excessive
regularization with artificial penalties that introduce artifacts in the results. Adap-
tive parametrizations for EIT have been considered for example in [Isaacson
1986; MacMillan et al. 2004] and [Ben Ameur et al. 2002; Ben Ameur and
Kaltenbacher 2002]. Here we review our inversion approach that is based on
resistor networks that arise in finite volume discretizations of (1-1) on sparse
and adaptively refined grids which we call optimal. The name refers to the fact
that they give spectral accuracy of approximations of A, on finite volume grids.
One of their important features is that they are refined near the boundary, where
we make the measurements, and coarse away from it. Thus they capture the
expected loss of resolution of the numerical approximations of o.

Optimal grids were introduced in [Druskin and Knizhnerman 2000b; 2000a;
Ingerman et al. 2000; Asvadurov et al. 2000; 2003] for accurate approximations
of the DtN map in forward problems. Having such approximations is important
for example in domain decomposition approaches to solving second order partial
differential equations and systems, because the action of a subdomain can be
replaced by the DtN map on its boundary [Quarteroni and Valli 1999]. In addition,
accurate approximations of DtN maps allow truncations of the computational
domain for solving hyperbolic problems. The studies in [Druskin and Knizhner-
man 2000b; 2000a; Ingerman et al. 2000; Asvadurov et al. 2000; 2003] work
with spectral decompositions of the DtN map, and show that by just placing grid
points optimally in the domain, one can obtain exponential convergence rates
of approximations of the DtN map with second order finite difference schemes.
That is to say, although the solution of the forward problem is second order
accurate inside the computational domain, the DtN map is approximated with
spectral accuracy. Problems with piecewise constant and anisotropic coefficients
are considered in [Druskin and Moskow 2002; Asvadurov et al. 2007].

Optimal grids are useful in the context of numerical inversion, because they
resolve the inconsistency that arises from the exponential ill posedness of the
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problem and the second order convergence of typical discretization schemes
applied to (1-1), on ad-hoc grids that are usually uniform. The forward problem
for the approximation of the DtN map is the inverse of the EIT problem, so
it should converge exponentially. This can be achieved by discretizing on the
optimal grids.

In this article we review the use of optimal grids in inversion, as it was
developed over the last few years in [Borcea and Druskin 2002; Borcea et al.
2005; 2008; Guevara Vasquez 2006; Borcea et al. 2010a; 2010b; Mamonov
2010]. We present first, in Section 3, the case of layered conductivity o = o ()
and full boundary measurements, where the DtN map has eigenfunctions etk®
and eigenvalues denoted by f(k?), with integer k. Then, the forward problem
can be stated as one of rational approximation of f(1), for A in the complex
plane, away from the negative real axis. We explain in Section 3 how to compute
the optimal grid from such rational approximants and also how to use it in
inversion. The optimal grid depends on the type of discrete measurements that
we make of Ay (i.e., f(1)) and so does the accuracy and stability of the resulting
approximations of o.

The two-dimensional problem o = o (r, 8) is reviewed in Sections 4 and 5.
The easier case of full access to the boundary, and discrete measurements at n
equally distributed points on & is in Section 4. There, the grids are essentially
the same as in the layered case, and finite-volume discretization leads to circular
networks with topology determined by the grids. We show how to use the discrete
inverse problem theory for circular networks developed in [Curtis et al. 1994;
1998; Ingerman 2000; Colin de Verdiere 1994; Colin de Verdiere et al. 1996]
for the numerical solution of the EIT problem. Section 5 considers the more
difficult, partial boundary measurement setup, where the accessible boundary
consists of either one connected subset of B or two disjoint subsets. There, the
optimal grids are truly two-dimensional and cannot be computed directly from
the layered case.

The theoretical review of our results is complemented by some numerical
results. For brevity, all the results are in the noiseless case. We refer the reader
to [Borcea et al. 2011] for an extensive study of noise effects on our inversion
approach.

2. Resistor networks as discrete models for EIT

Resistor networks arise naturally in the context of finite volume discretizations
of the elliptic equation (1-1) on staggered grids with interlacing primary and
dual lines that may be curvilinear, as explained in Section 2.1. Standard finite
volume discretizations use arbitrary, usually equidistant tensor product grids. We
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consider optimal grids that are designed to obtain very accurate approximations
of the measurements of the DtN map, the data in the inverse problem. The
geometry of these grids depends on the measurement setup. We describe in
Section 2.2 the type of grids used for the full measurement case, where we have
access to the entire boundary %. The grids for the partial boundary measurement
setup are discussed later, in Section 5.

2.1. Finite volume discretization and resistor networks. See Figure 1 for an
illustration of a staggered grid. The potential «(x) in (1-1) is discretized at the
primary nodes P; j, the intersection of the primary grid lines, and the finite-
volume method balances the fluxes across the boundary of the dual cells Cjj,

[ V-lo(x)Vu(x)]dx :/ o(x)n(x)-Vu(x)ds(x) =0. -1
C,"j d :

i.j
A dual cell C;; contains a primary point P; ;, it has vertices (dual nodes)

P 1Ljxls and boundary

8Ci,j:2i,j+%uzi+% UM T UX. g (2-2)
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Figure 1. Finite-volume discretization on a staggered grid.
The primary grid lines are solid and the dual ones are dashed.
The primary grid nodes are indicated with x and the dual nodes
with o. The dual cell C;,;, with vertices (dual nodes) P L+l
surrounds the primary node P; ;. A resistor is shown as a
rectangle with axis along a primary line, that intersects a dual
line at the point indicated with OJ.
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Denote by % = { P; ;j } the set of primary nodes, and define the potential function
U : P — R as the finite volume approximation of u(x) at the points in %:

Ui,j I~ u(Pi,j), P,"j € Pp. (2—3)

The set P is the union of two disjoint sets %4 and Pg of interior and boundary
nodes, respectively. Adjacent nodes in % are connected by edges in the set
€ C P x P. We denote the edges by

Ei,ji%:(Pi,j,Pi,j:I:I) and Eii%,j:(Pi:I:I,j»Pi,j)-

The finite volume discretization results in a system of linear equations for the
potential:

Vil jWit1,j =Uij) +v; 1 ;Ui-1,; = Uij) +
Vij+t Wij+1=Uij) +v; ;1 (Ui j—1 = Ui ;) =0, (2-4)
with terms given by approximations of the fluxes
[ omt) - Vut) dst) vy Wi jar = Uiy
Ei.j:l:%
/ o(x)n(x)-Vu(x)ds(x) ~ V,-i%,j(Uiil,j -U, j).
Ei:l:%.j
Equations (2-4) are Kirchhoff’s law for the interior nodes in a resistor network

(T, y) with graph T' = (%, €) and conductance function y : € — R™, that assigns
to an edge like E; | 1 in € a positive conductance y; , 1 At the boundary nodes

(2-5)

we discretize either the Dirichlet conditions (1-4), or the Neumann conditions
(1-7), depending on what we wish to approximate, the DtN or the NtD map.

To write the network equations in compact (matrix) form, let us number the
primary nodes in some fashion, starting with the interior ones and ending with
the boundary ones. Then we can write % = { p,}, where p, are the numbered
nodes. They correspond to points like P; ; in Figure 1. Let also Uy and Ug be
the vectors with entries given by the potential at the interior nodes and boundary
nodes, respectively. The vector of boundary fluxes is denoted by Jg. We assume
throughout that there are n boundary nodes, so Ug, Jg € R". The network
equations are

0 Uy Ky Km)
KU = , U= , K = , 2-6
(J%) (U%) (Km Kgy 2-6)
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where K = (K i j) is the Kirchhoff matrix with entries

—y(E) ifi # j and E = (pi. pj) €€,
Kij = 0 ifi # j and (p;, pj) €€, (2-7)
Yy ifi=
k:E=(pi,pr)<é
In (2-6) we write it in block form, with Kgg the block with row and column
indices restricted to the interior nodes, K ¢g the block with row indices restricted
to the interior nodes and column indices restricted to the boundary nodes, and so
on. Note that K is symmetric, and its rows and columns sum to zero, which is
just the condition of conservation of currents.

It is shown in [Curtis et al. 1994] that the potential U satisfies a discrete
maximum principle. Its minimum and maximum entries are located on the
boundary. This implies that the network equations with Dirichlet boundary
conditions

KysUg = —KyUgp (2-8)

have a unique solution if K gg has full rank. That is to say, K4y is invertible and
we can eliminate Ug from (2-6) to obtain

Jg = (Kpg — Koy K5} Kgp)Us, = A, Uy, (2-9)

The matrix A, € R"*” is the Dirichlet to Neumann map of the network. It takes
the boundary potential Ug to the vector Jg of boundary fluxes, and is given by
the Schur complement of the block Kgg

Ay =Kgpg— KasK;} Kgg. (2-10)

The DtN map is symmetric, with nontrivial null space spanned by the vector
15 € R” of all ones. The symmetry follows directly from the symmetry of K.
Since the columns of K sum to zero, K1 = 0, where 1 is the vector of all ones.
Then, (2-9) gives Jg = 0 = A, 1g, which means that 1g is in the null space
of Ay.

The inverse problem for a network (I, ) is to determine the conductance
function y from the DtN map A, . The graph I is assumed known, and it plays
a key role in the solvability of the inverse problem [Curtis et al. 1994; 1998;
Ingerman 2000; Colin de Verdiere 1994; Colin de Verdiere et al. 1996]. More
precisely, I' must satisfy a certain criticality condition for the network to be
uniquely recoverable from A, and its topology should be adapted to the type of
measurements that we have. We review these facts in detail in Sections 3-5. We
also show there how to relate the continuum DtN map A to the discrete DN
map A, . The inversion algorithms in this paper use the solution of the discrete
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myjy =0 myjp =1

Figure 2. Examples of grids. The primary grid lines are solid
and the dual ones are dotted. Both grids have n = 6 primary
boundary points, and index of the layers £ = 3. We have the
type of grid indexed by m21,, = 0 on the left and by m2;,, =1
on the right.

inverse problem for networks to determine approximately the solution o (x) of
the continuum EIT problem.

2.2. Tensor product grids for the full boundary measurements setup. In the
full boundary measurement setup, we have access to the entire boundary &, and
it is natural to discretize the domain (1-2) with tensor product grids that are
uniform in angle, as shown in Figure 2. Let

_2n(—1) éj:2ﬂ(j—1/2)

0:;
J n n

j=1,....n, 2-11)

be the angular locations of the primary and dual nodes. The radii of the primary
and dual layers are denoted by r; and 7;, and we count them starting from
the boundary. We can have two types of grids, so we introduce the parameter
my;, € {0, 1} to distinguish between them. We have

l=ri=r>r>fh>>r>f>r41 >0 (2-12)
when m;, =0, and
l=rFi=r>F>rp>->rg > >rp; =0 (2-13)

for my,, = 1. In either case there are £ + 1 primary layers and £ + m, dual
ones, as illustrated in Figure 2. We explain in Sections 3 and 4 how to place
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optimally in the interval [0, 1] the primary and dual radii, so that the finite volume
discretization gives an accurate approximation of the DtN map A,.

The graph of the network is given by the primary grid. We follow [Curtis
et al. 1994; 1998] and call it a circular network. It has » boundary nodes and
n(2€ +my;, — 1) edges. Each edge is associated with an unknown conductance
that is to be determined from the discrete DtN map A, defined by measurements
of Ay, as explained in Sections 3 and 4. Since A, is symmetric, with columns
summing to zero, it contains n(n — 1)/2 measurements. Thus, we have the same
number of unknowns as data points when

n—1
2 b
This condition turns out to be necessary and sufficient for the DtN map to

determine uniquely a circular network, as shown in [Colin de Verdiere et al.
1996; Curtis et al. 1998; Borcea et al. 2008]. We assume henceforth that it holds.

2U+myp—1= n = odd integer. (2-14)

3. Layered media

In this section we assume a layered conductivity function o (r) in €2, the unit
disk, and access to the entire boundary 9. Then, the problem is rotation invariant
and can be simplified by writing the potential as a Fourier series in the angle
6. We begin in Section 3.1 with the spectral decomposition of the continuum
and discrete DtN maps and define their eigenvalues, which contain all the in-
formation about the layered conductivity. Then, we explain in Section 3.2 how
to construct finite volume grids that give discrete DtN maps with eigenvalues
that are accurate, rational approximations of the eigenvalues of the continuum
DtN map. One such approximation brings an interesting connection between a
classic Sturm—Liouville inverse spectral problem [Gel’fand and Levitan 1951;
Chadan et al. 1997; Hochstadt 1973; Marchenko 1986; McLaughlin and Rundell
1987] and an inverse eigenvalue problem for Jacobi matrices [Chu and Golub
2002], as described in Sections 3.2.3 and 3.3. This connection allows us to
solve the continuum inverse spectral problem with efficient, linear algebra tools.
The resulting algorithm is the first example of resistor network inversion on
optimal grids proposed and analyzed in [Borcea et al. 2005], and we review its
convergence study in Section 3.3.

3.1. Spectral decomposition of the continuum and discrete DN maps. Be-
cause Equation (1-1) is separable in layered media, we write the potential u(r, 8)
as a Fourier series

u(r,0) =vg(0) + Z v(r, k)eiko, (3-1)

kez
k#0
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with coefficients v(r, k) satisfying the differential equation

rod [ro(r)dv(r,k)

o(rydr dr

and the condition

] —k*v(r,k) =0, re(,1), (32

(0, k) = 0. (3-3)

The first term vg(0) in (3-1) is the average boundary potential

1 2
vgy(0) = —/ u(l,0)deo. (3-4)
2 0
The boundary conditions at 7 = 1 are Dirichlet or Neumann, depending on which
map we consider, the DtN or the NtD map.

3.1.1. The DtN map. The DtN map is determined by the potential v satisfying
(3-2)—(3-3), with Dirichlet boundary condition

U(l,k) = U%(k), (3'5)

where vg (k) are the Fourier coefficients of the boundary potential ug(6). The
normal boundary flux has the Fourier series expansion

dU(l, k) eik@
dr ’

o(1)— = = Aouz(®) =0(1) ) (3-6)

keZ,k#0
and we assume for simplicity that o(1) = 1. Then, we deduce formally from
(3-6) that ¢'%? are the eigenfunctions of the DtN map A, with eigenvalues

dv(l, k)

. 2y
S ==

Ju(1, k). (3-7)

Note that f(0) = 0.
A similar diagonalization applies to the DN map A, of networks arising in
the finite volume discretization of (1-1) if the grids are equidistant in angle, as
described in Section 2.2. Then, the resulting network is layered in the sense that
the conductance function is rotation invariant. We can define various quadrature
rules in (2-5), with minor changes in the results [Borcea et al. 2010a, Section

2.4]. In this section we use the definitions
he he _ 2y —20) 6

L A—l = =2 (38
e T 2 —20m) g Yiat he he( )

derived in Appendix A, where g = 27/n and

1 1
z(r):/ di 2(r):/ %t)dz. (3-9)

1o (1)’
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The network equations (2-4) become

i (UjH,q—Uj,q . Uj,q—Uj—l,q) _ 2Uj.q = Ujg+1 = Ujg-1 —0
dﬁ o o1 hg ’
(3-10)
and we can write them in block form as
1 (U 1-U; U;—-U;_
T( Lt et At B 1)—[—35]11,-:0, (3-11)
oj oj oj—1
where
T
Ui=U,....Uiu) . (3-12)
and [—85] 1s the circulant matrix
2 —1 0 ... ... 0 -1
1 -1 2 1 0 ... 0 O
2
Fel=— . | (3-13)
5 R T U
-1 0 ... ... 0 -1 2

the discretization of the operator —85 with periodic boundary conditions. It has
the eigenvectors

[ek6] = (k01 oTkOm\T (3-14)

with entries given by the restriction of the continuum eigenfunctions ikt gt
the primary grid angles. Here k is integer, satisfying |k| < (n —1)/2, and the

eigenvalues are a)i, where
. khg )
sinc| —~
( 2

with sinc(x) = sin(x)/x. Note that a)i ~ k? only for |k| < n.
To determine the spectral decomposition of the discrete DIN map A, we
proceed as in the continuum and write the potential U; as a Fourier sum

w = |k| : (3-15)

Ui =30+ Y Vik)e™), (3-16)
k<25t

k#0

where we recall that 15 € R” is a vector of all ones. We obtain the finite difference
equation for the coefficients V; (k):

I (V,-+1(k)— Vitk) Vi) = Vima (k)

aj o aj_q

) —wpVi(k) =0, (3-17)
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where j =2,3,..., L. It is the discretization of (3-2) that takes the form

d (dv(z, k) ’

— == )k k=0, 3-18
dz ( dz ) vz, k) G-18)
in the coordinates (3-9), where we let in an abuse of notation v(r, k) ~> v(z, k).
The boundary condition at r = 0 is mapped to

lim v(z, k) =0, (3-19)
Z—>00

and it is implemented in the discretization as V. (k) = 0. At the boundary
r = 1, where z = 0, we specify V; (k) as some approximation of vg (k).

The discrete DtN map A, is diagonalized in the basis {[e'k 9]}| k|<(n—1)/2> and
we denote its eigenvalues by F' (w,%). Its definition depends on the type of grid
that we use, indexed by m2; 5, as explained in Section 2.2. In the case my/, = 0,
the first radius next to the boundary is r,, and we define the boundary flux at
71 = 1as (Vi(k) — Va(k))/ay. When my,, = 1, the first radius next to the
boundary is 7, so to compute the flux at 7; we introduce a ghost layer at ro > 1
and use (3-17) for j =1 to define the boundary flux as

Vo(k) =Vi(k) _ . > Vi(k) = Va(k)

oo a1

Therefore, the eigenvalues of the discrete DtN map are

. Vi(k) —Va(k)
F(w;?) =m1/2051w;% + lalVl(kz)

(3-20)
3.1.2. The NtD map. The NtD map A;r, has eigenfunctions ¢?k? for k = 0 and
eigenvalues fT(k?) = 1/f(k?). Equivalently, in terms of the solution v(z, k)
of (3-18) with boundary conditions (3-19) and

dv(0, k 1 [ .
- ”;Z )=E/0 J(0)e™*0dg = g (k), (3-21)
we have
te2) = 200 322
s = (3-22)

In the discrete case, let us use the grids with m,, = 1. We obtain that the
potential V; (k) satisfies (3-17) for j = 1,2, ..., £, with boundary conditions

_Vi(k) = Vo(k)

= &g (k), Viy1 =0. (3-23)
®o
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Here &g (k) is some approximation of pg (k). The eigenvalues of AT}, are

Vi(k)
Py (k)

Flw}) = (3-24)

3.2. Rational approximations, optimal grids and reconstruction mappings. By
analogy to (3-22) and (3-24) define the functions

0
(0.%’

Vi

FJ(()\) = q)—%,

sTay = (3-25)
where v solves Equation (3-18) with k2 replaced by A and V; solves (3-17)
with a)i replaced by A. The spectral parameter A may be complex, satisfying
A € C\ (—o0, 0]. For simplicity, we suppress in the notation the dependence of
v and V; on A. We consider in detail the discretizations on grids indexed by
my/, = 1, but the results can be extended to the other type of grids, indexed by

my/2 = 0.
Lemma 1. The function fT()) is of form
O du(t
VAL E / —AM( t), (3-26)
_w -

where |1(t) is the positive spectral measure on (—oo, 0] of the differential operator
dsd, with homogeneous Neumann condition at z = 0 and limit condition (3-19).
The function FY(\) has a similar form

0 F
o= [ 49, 327

where [,LF (t) is the spectral measure of the difference operator in (3-17) with
boundary conditions (3-23).

Proof. The result (3-26) is shown in [Kac and Krein 1968] and it says that £ T(})
is essentially a Stieltjes function. To derive the representation (3-27), we write

our difference equations in matrix form for V = (V;,..., V)T,
Dy (A
(A—-\V =— a( )el. (3-28)
o

Here I is the £ x £ identity matrix, e; = (1,...,0)T € Rt and A is the tridiagonal
matrix with entries

1 (1 1 RTTD S 41 s .
_&_i(ol_i + ai—1 )5”1 + Qi1 Oi—1,j + &jio; Bit1,s

Ajj = ifl<i<¢e 1=<j=<¢ (329
L§y 458, ifi=1,1<j=<L

T Ao aiaq
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The Kronecker delta symbol §; ; is one when i = j and zero otherwise. Note
that A4 is a Jacobi matrix when it is defined on the vector space RE with weighted
inner product

L
b)=Y djajb;. a=(ar.....a)". b=(by.....b)T. (3-30)

That is to say,
A= dlag(al/z, . 1/2)A diag(a; 1/2, . ,&21/2) (3-31)

is a symmetric, tridiagonal matrix, with negative entries on its diagonal and
positive entries on its upper/lower diagonal. It follows from [Chu and Golub
2002] that 4 has simple, negative eigenvalues —5} and eigenvectors Y; =

(Y1,j,.... Yy, j)T that are orthogonal with respect to the inner product (3-30).
We order the eigenvalues as

81 <8y <---<éy, (3-32)

and normalize the eigenvectors
)2
Y711 = (¥}, ;) Z (3-33)

Then, we obtain from (3-25) and (3-28), after expanding V in the basis of the
eigenvectors, that
L Y2

Ftoy =" 1. (3-34)
S0+ 6

This is precisely (3-27), for the discrete spectral measure

12
==Y &H(-1-68}). &=Y};, (3-35)
j=1
where H is the Heaviside step function. O

Note that any function of the form (3-34) defines the eigenvalues F T(w ]%) of
the NtD map ATy of a finite-volume scheme with £ + 1 primary radii and uniform
discretization in angle. This follows from the decomposition in Section 3.1 and
the results in [Kac and Krein 1968]. Note also that there is an explicit, continued
fraction representation of FT (1), in terms of the network conductances, i.e., the
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parameters «; and &;,

Ffoy =

(3-36)
ajh+

_
N 1
Ole)\-i-a

0(1+"

This representation is known in the theory of rational function approximations
[Nikishin and Sorokin 1991; Kac and Krein 1968] and its derivation is given in
Appendix B.

Since both fT(X) and FT()) are Stieltjes functions, we can design finite
volume schemes (i.e., layered networks) with accurate, rational approximations
FT(}) of fT(L). There are various approximants FT(X), with different rates of
convergence to fT(X), as £ — co. We discuss two choices below, in Sections
3.2.2 and 3.2.3, but refer the reader to [Druskin and Knizhnerman 2000a; 2000b;
Druskin and Moskow 2002] for details on various Padé approximants and the
resulting discretization schemes. No matter which approximant we choose,
we can compute the network conductances, i.e., the parameters «; and &; for
j =1,...,4, from 2¢ measurements of fT(1). The type of measurements
dictates the type of approximant, and only some of them are directly accessible
in the EIT problem. For example, the spectral measure (4(A) cannot be determined
in a stable manner in EIT. However, we can measure the eigenvalues /T (k2) for
integer k, and thus we can design a rational, multipoint Padé approximant.

Remark 1. We describe in detail in Appendix D how to determine the parameters
{aj.dj}j=1,. ¢ from 2¢ point measurements of fT(), such as fT(k?), for
k=1,..., % = 2{. The are two steps. The first is to write FT(X) as the ratio
of two polynomials of A, and determine the 2¢ coefficients of these polynomials
from the measurements FJf(a)i) of fT(k?),forl <k < % See Section 3.2.2
for examples of such measurements. The exponential instability of EIT comes
into play in this step, because it involves the inversion of a Vandermonde matrix. It
is known [Gautschi and Inglese 1988] that such matrices have condition numbers
that grow exponentially with the dimension £. The second step is to determine
the parameters {o;,@;};—1,... ¢ from the coefficients of the polynomials. This
can be done in a stable manner with the Euclidean division algorithm.

The approximation problem can also be formulated in terms of the DtN map,
with F(L) = 1/FT(L). Moreover, the representation (3-36) generalizes to both
types of grids, by replacing &;A with &;m;/,A. Recall (3-20) and note the
parameter &; does not play any role when m;/, = 0.
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3.2.1. Optimal grids and reconstruction mappings. Once we have determined
the network conductances, that is the coefficients

rj d rj
a].:/ A &,-:f A A X
Fj41 ra(r) ;‘+1 r

J J

we could determine the optimal placement of the radii r; and 7}, if we knew the
conductivity o (7). But o () is the unknown in the inverse problem. The key idea
behind the resistor network approach to inversion is that the grid depends only
weakly on o, and we can compute it approximately for the reference conductivity
o =1.

Let us denote by /7@ (1) the analog of (3-25) for conductivity 0(®), and let
Fi) (k) be its rational approximant defined by (3-36), with coefficients cx(o)
and & o; (0) given by

d A riod [
“;('0):/<o> " —tog L RO O‘J@:/ _FZIOgAfT)’ j=L. 6
fre r +1 Fiyr T Vj+1 (3-38)
Since rl(o) = rl(o) = 1, we obtain
(0) / (0) d
/), —exp(—zay)), i=ew(- X a) =t

We call the radii (3-39) optimal. The name refers to the fact that finite vol-
ume discretizations on grids with such radii give an NtD map that matches the
measurements of the continuum map AT (o for the reference conductivity o,

Remark 2. It is essential that the parameters {o;, @;} and {oe(o) J( )} are com-
puted from the same type of measurements. For example, if we measure f( T(k?),
we compute {«;, &;} so that

Fr@p) = /T3,
and {(x]@, &J@} so that
FT(O)(Q)I%) — fT(O)(kZ)’
where k = 1,...,(n—1)/2. This is because the distribution of the radii (3-39)

in the interval [0, 1] depends on what measurements we make, as illustrated with
examples in Sections 3.2.2 and 3.2.3.

Now let us denote by %, the set in R”~1/2 of measurements of fT(1), and
introduce the reconstruction mapping 2, defined on %, with values in [R?S’_’_l)/ 2,
It takes the measurements of fT(1) and returns the (n — 1)/2 positive numbers
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0j+1—m1/2:&j/&](0)» j=2—m1/2,...,6,
Gimn =0 fey. j=1.2,....L (3-40)

where we recall the relation (2-14) between £ and n. We call 2,, a reconstruction
mapping because if we take o; and 6; as point values of a conductivity at nodes

rj(o) and fj(o), and interpolate them on the optimal grid, we expect to get a
conductivity that is close to the interpolation of the true o (7). This is assuming
that the grid does not depend strongly on o (7). The proof that the resulting
sequence of conductivity functions indexed by £ converges to the true o (r) as
£ — oo is carried out in [Borcea et al. 2005], given the spectral measure of fT(}).
We review it in Section 3.3, and discuss the measurements in Section 3.2.3. The
convergence proof for other measurements remains an open question, but the
numerical results indicate that the result should hold. Moreover, the ideas extend

to the two-dimensional case, as explained in detail in Sections 4 and 5.

3.2.2. Examples of rational interpolation grids. Let us begin with an example
that arises in the discretization of the problem with lumped current measurements

1 éq+1
he Ja,

for hy = 27” and vector Uy = (ug(61), ..., u%(Gn))? of boundary potentials.

If we take harmonic boundary excitations ug(60) = ¢'k?

A, for eigenvalue f(k?), we obtain

, the eigenfunction of

N

1 [P+ ,
J /,, Age*0dp = £(k?)

) (k2 )
= oikty _ I )wkezkeq
he Jg,

|k | ’
g=1,....n. (341

sinc(%)

These measurements, for all integers k satisfying |k| < %, define a dis-
crete DIN map M, (Ay). It is a symmetric matrix with eigenvectors [¢/%?] =
(etk01 . etkOn)T and eigenvalues ( f(k2)/|k|)wy.

The approximation problem is to find the finite volume discretization with
DtN map A, = M,(Ay). Since both A, and M, have the same eigenvectors,
this is equivalent to the rational approximation problem of finding the network
conductances (3-8) (i.e., &j and &;), so that

f(k?) n—1
F(w£)=Wa)k, k=1,..., ) .

(3-42)

The eigenvalues depend only on |k|, and the case k = 0 gives no information,
because it corresponds to constant boundary potentials that lie in the null space
of the DtN map. This is why we take in (3-42) only the positive values of k, and
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m=5, m‘/2:1, n=25 m=8, mHZ:O, n=35
-] x o x o x O %X O xO08 x o x o x 0O %X 0 X O x OxXO®
o x o x o x o X O x09 x o x o x O %X 0 X O %X Ox00

0.2 0.4 0.6 0.8 1
refo,1]

0.2 0.4 0.6 0.8 1
refo,1]

Figure 3. Examples of optimal grids with n equidistant bound-
ary points and primary and dual radii shown with x and o. On
the left we have n = 25 and a grid indexed by m/, = 1, with
¢ =m+1=6. On the right we have n = 35 and a grid indexed
by my;, =0, with £ =m + 1 = 8. The bottom grid is computed
with formulas (3-44). The top grid is obtained from the rational
approximation (3-50).

obtain the same number (7 —1)/2 of measurements as unknowns: {;};—1,. ¢
and {&j }j=2—m1/2,...,€-

When we compute the optimal grid, we take the reference 0(®) = 1, in which
case /@ (k2?) = |k|. Thus, the optimal grid computation reduces to that of
rational interpolation of f(4),

n—1

F(o)(a)i) =wp = f(O)(a)l%)’ k=1,..., 3

(3-43)

This is solved explicitly in [Biesel et al. 2008]. For example, when m,, =1,
: (0) ~(0) :
the coefficients o : and & ; are given by

h . N h .
ozj(.o) = hy cot(79(2€—2] + 1)), a}o) =hy cot(79(26—2] +2)),
J=1,2...,0, (3-44)

and the radii follow from (3-39). They satisfy the interlacing relations

_ 20 _ (o) _ Al0) (0) ~(0) (0)
l=r"=r">i">r " >->i >/ =0, (3-45)
as can be shown easily using the monotonicity of the cotangent and exponential
functions. We show an illustration of the resulting grids in red, in Figure 3. Note
the refinement toward the boundary » = 1 and the coarsening toward the center

r = 0 of the disk. Note also that the dual points shown with o are almost half
way between the primary points shown with x. The last primary radii re(j_)l

small, but the points do not reach the center of the domain at r = 0.

are
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In Sections 4 and 5 we work with slightly different measurements of the DtN
map A, = M, (A), with entries defined by

2
(Ay)pg = fo o @ Aoxg@) db.  p#q.

(Ay)p.p =— Z (Ay)p.a

q#p

(3-46)

using nonnegative measurement (electrode) functions x4 (), that are compactly
supported in (64, 6,4 1) and are normalized by

2w
/ xq(0)df =1.
0

For example, we can take

1/h9 iféq<9<éq+1,
0 otherwise,

Ya(6) = {

and obtain after a calculation given in Appendix C that the entries of A, are
given by

kh
(Ay)pg = — Z i0p=04) f (J2)sinc> ( 29) pg=1,....n.
keZ
(3-47)
We also show in Appendix C that
. 1 ~ . n—1
Ayl = S F@ple™] Ikl === (3-48)

with eigenvectors [eik 0] defined in (3-14) and scaled eigenvalues

Fw?) = f(k?)sinc? (ké“") F(w?)

smc(kél@ ) ‘ (3-49)

Here we recalled (3-42) and (3-15).
There is no explicit formula for the optimal grid satisfying

sinc(%) sinc(%)

but we can compute it as explained in Remark 1 and Appendix D. We show in

FOw}) = FO@) : (3-50)

:wk

Figure 3 two examples of the grids, and note that they are very close to those
obtained from the rational interpolation (3-43). This is not surprising because the
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sinc factor in (3-50) is not significantly different from 1 over the range |k | < %51,

2
2 sin 3 (1—1->|< . (khe)'<]
2

T
IO
Thus, many eigenvalues F© (w,%) are approximately equal to wy, and this is
why the grids are similar.

3.2.3. Truncated measure and optimal grids. Another example of rational ap-
proximation arises in a modified problem, where the positive spectral measure [
in Lemma 1 is discrete:

() == & H(—1=8}). (3-51)

j=1

This does not hold for (3-2) or equivalently (3-18), where the origin of the disc
r =0 is mapped to oo in the logarithmic coordinates z (), and the measure 1 (z)
is continuous. To obtain a measure like (3-51), we change the problem here and
in the next section to

rod dv(r)
JRE— - p— — 1 - 2
o) dr [ro(r) 1 i| Av(r) =0, re(e 1), (3-52)
with € € (0, 1) and boundary conditions
0
g(ro) = g, v(e) =0. (3-53)

The Dirichlet boundary condition at ¥ = € may be realized if we have a perfectly
conducting medium in the disk concentric with €2 and of radius €. Otherwise,
v(e) = 0 gives an approximation of our problem, for small but finite €.

Coordinate change and scaling. 1t is convenient here and in the next section to
introduce the scaled logarithmic coordinate

Udt
Z zZJ. t’

2@ () 1

t(r) = Z = —log(e) = 29 (e), (3-54)

and write (3-9) in the scaled form

) (F At 2r) _ f* . -
7_/0 oy SOz _/0 o(r()dt=2'¢). (355

The conductivity function in the transformed coordinates is

Q) =0@©), 1) =e%, (3-56)
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and the potential

/
UI(Z/) — U(V(Z )) (3_57)
%
satisfies the scaled equations
d (dv
Yo = ’ L
B (dz/) v=0, z €(0,L),
dv(0
WOy =o (3-58)
dz’
where we let ' = A/ Z? and
U dr
L =7() = . 3-59
‘=[S (3-59)

Remark 3. We assume in the remainder of this section and in Section 3.3 that
we work with the scaled equations (3-58) and drop the primes for simplicity of
notation.

The inverse spectral problem. The differential operator % % acting on the vector

space of functions with homogeneous Neumann conditions at z = 0 and Dirichlet
conditions at z = L is symmetric with respect to the weighted inner product

L 1 R
mﬁr=A anM@d2=[;adow@@»dod; L=2(1). (3-60)

It has negative eigenvalues {—5} }j=1,2,..., the points of increase of the measure
(3-51), and eigenfunctions y;(z). They are orthogonal with respect to the inner
product (3-60), and we normalize them by

L
Il = (o) = [ F@rdz=1. (3-61)
The weights £; in (3-51) are defined by
& = »;(0). (3-62)

For the discrete problem we assume in the remainder of the section that
my/, = 1, and work with the NtD map, that is with F T(L) represented in
Lemma 1 in terms of the discrete measure pf (£). Comparing (3-51) and (3-35),
we note that we ask that uf (f) be the truncated version of u(z), given the
first £ weights &; and eigenvalues —5]?, for j = 1,...,L. We arrived at the
classic inverse spectral problem [Gel’fand and Levitan 1951; Chadan et al. 1997;
Hochstadt 1973; Marchenko 1986; McLaughlin and Rundell 1987], that seeks
an approximation of the conductivity o from the truncated measure. We can
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solve it using the theory of resistor networks, via an inverse eigenvalue problem
[Chu and Golub 2002] for the Jacobi like matrix 4 defined in (3-29). The key
ingredient in the connection between the continuous and discrete eigenvalue
problems is the optimal grid, as was first noted in [Borcea and Druskin 2002]
and proved in [Borcea et al. 2005]. We review this result in Section 3.3.

The truncated measure optimal grid. The optimal grid is obtained by solving
the discrete inverse problem with spectral data for the reference conductivity

o ()
@f;”:{g}"):z, 8](0)=71<j—%>, j=1,...,£}. (3-63)

The parameters {oz( %) (0) }j=1,...,¢ can be determined from Qb,({]) with the Lanc-
zos algorithm [Trefethen and Bau 1997; Chu and Golub 2002], which is reviewed
briefly in Appendix E. The grid points are given by

Cj(i)l _ (0)+§(0) Za(o), J(j_)l _ )+§(0) Z&(o) j=1,....¢,
g=1 (3-64)
where ¢ fo) = fo) = 0. This is in the logarithmic coordinates that are related to
the optimal radii as in (3-56). The grid is calculated explicitly in [Borcea et al.
2005, Appendix A]. We summarize its properties in the next lemma, for large £.

Lemma 2. The steps {a( ) g )} j=1,...,¢ of the truncated measure optimal grid
satisfy the monotone rel(mon
0750) < ago) < ago) < ago) < 6‘1(:) < a,(co). (3-65)

Moreover, for large £, the primary grid steps are

240[(— )"t +j72

ifl1<j<f-1,
) _ /A2 — j?
o” = (3-66)
V2+ouh L
T Jxt Fi=4
and the dual grid steps are
240 +1—-j)"1 472
o = (Gl bl D 1<j<t. (3-67)

72— (j —1/2)2

We show in Figure 4 an example for the case £ = 6. To compare it with the grid
in Figure 3, we plot in Figure 5 the radii given by the coordinate transformation
(3-56), for three different parameters €. Note that the primary and dual points
are interlaced, but the dual points are not half way between the primary points,
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+ Ox Ox Ox O x o x o x

0 0.2 0.4 0.6 0.8 1

Figure 4. Example of a truncated measure optimal grid with
£ = 6. This is in the logarithmic scaled coordinates ¢ € [0, 1].
The primary points are denoted with x and the dual ones with o.

x O x O x O x O x O x O ®

xO xO xO x O x O x O (]

O xO xO x 0O x O x O ®
0 0t2 Of4 0t6 0t8

Figure 5. The radial grid obtained with the coordinate change
r =e¢ %% The scale Z = — log € affects the distribution of the
radii. The choice € = 0.1 is on top, € = 0.05 is in the middle
and € = 0.01 is at the bottom. The primary radii are indicated
with x and the dual ones with o.

as was the case in Figure 3. Moreover, the grid is not refined near the boundary
at r = 1. In fact, there is accumulation of the grid points near the center of the
disk, where we truncate the domain. The smaller the truncation radius €, the
larger the scale Z = —log €, and the more accumulation near the center.

Intuitively, we can say that the grids in Figure 3 are much superior to the
ones computed from the truncated measure, for both the forward and inverse
EIT problem. Indeed, for the forward problem, the rate of convergence of F T(h)
to f T(X) on the truncated measure grids is algebraic [Borcea et al. 2005]

i Aijs} =0( i %):0(%)'

j=L+1 j=L+1

T - Ffoy| =

The rational interpolation grids described in Section 3.2.2 give exponential
convergence of FT(1) to /T(1) [Mamonov 2009]. For the inverse problem, we
expect that the resolution of reconstructions of o decreases rapidly away from
the boundary where we make the measurements, so it makes sense to invert on
grids like those in Figure 3, that are refined near r = 1.

The examples in Figures 3 and 5 show the strong dependence of the grids on
the measurement setup. Although the grids in Figure 5 are not good for the EIT
problem, they are optimal for the inverse spectral problem. The optimality is in
the sense that the grids give an exact match of the spectral measurements (3-63)
of the NtD map for conductivity 0@ Furthermore, they give a very good match
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of the spectral measurements (3-68) for the unknown o, and the reconstructed
conductivity on them converges to the true o, as we show next.

3.3. Continuum limit of the discrete inverse spectral problem on optimal grids.
Let 92, : 9, — Rie be the reconstruction mapping that takes the data

Dy =1{&.8;, j=1....4} (3-68)
to the 2¢ = n—l positive values {0j,6;};=1,.. ¢ given by
A (0)
. .
oj=—L.  G=-— j=12...L (3-69)
q© aj

J
The computation of {c, &;};—1,... ¢ requires solving the discrete inverse spectral

problem with data 9%,,, using for example the Lanczos algorithm reviewed in
Appendix E. We define the reconstruction o¢(¢) of the conductivity as the
piecewise constant interpolation of the point values (3-69) on the optimal grid
(3-64). We have

o) ifee[(?.E7). j=1.....L
ol =16  ittel.). j=2 041, (3-70)

Gepr  ifC e[ 10,

and we discuss here its convergence to the true conductivity function o (), as
{ — oo.

To state the convergence result, we need some assumptions on the decay with
j of the perturbations of the spectral data

AS; =887 Af=g&-£7. (3-71)

The asymptotic behavior of §; and &; is well known, under various smoothness
requirements on o (z) [McLaughlin and Rundell 1987; P6schel and Trubowitz
1987; Coleman and McLaughlin 1993]. For example, if o(¢) € H?[0, 1], we
have

5@ _ Jo9)ds

AS; =5 — +0(7) and Af =& —£” = 0(7),

7 @j-Dr
(3-72)
where ¢({) is the Schrodinger potential
Ld20 ()%
g = o)+ 2 (373)

agz -

We have the following convergence result proved in [Borcea et al. 2005].
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Theorem 1. Suppose that o () is a positive and bounded scalar conductivity
function, with spectral data satisfying the asymptotic behavior

1 1
A5‘=0(+), A§‘=0(,—), for some s > 1, as j — oo.

! J* log()) ! J
(3-74)

Then o* () converges to o(¢) as £ — oo, pointwise and in L'[0, 1].

Before we outline the proof, let us note that it appears from (3-72) and (3-74)
that the convergence result applies only to the class of conductivities with zero
mean potential. However, if

1
7= [ 4(©) ¢ £, (3-75)
0

we can modify the point values (3-69) of the reconstruction o¢(¢) by replacing

a'? and &}0) with Otj@ and &]@, for j = 1,...,£. These are computed by

solving the discrete inverse spectral problem with data
9D =D 5D, j=1.....0,
for the conductivity function
o@D (¢) = L(eVT8 4 7VT8)?, (3-76)
This conductivity satisfies the initial value problem

oD (E)

=gvVo @) for 0<C<1,

2
; Z@ 3-77)
0 _
2—;) —0 and o@(0)=1,
and we assume that
7T2

qg>—-, 3-78
9>-7 (3-78)

so that (3-76) stays positive for ¢ € [0, 1].

As seen from (3-72), the perturbations §; — 81(.‘1) and & — & ng) satisfy the
assumptions (3-74), so Theorem 1 applies to reconstructions on the grid given by
0@ . We show below in Corollary 1 that this grid is asymptotically the same as
the optimal grid, calculated for 0. Thus, the convergence result in Theorem 1
applies after all, without changing the definition of the reconstruction (3-70).
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3.3.1. The case of constant Schrodinger potential. The equation (3-58) for o ~>
0@ can be transformed to Schrodinger form with constant potential §

d2
duégé) (A +9w() =0, te(0,1),
(3-79)
dw(0) L (1) =0
ac o wER

by letting w(¢) = v(¢) /o @ (). Thus, the eigenfunctions y]q) (¢) of the differ-
ential operator associated with 0@ (¢) are related to y; : (0) (¢), the eigenfunctions
for 0@ =1, by

()
_ ()
y}")(i)z—y’ o (3-80)

o@ (9]

They satisfy the orthonormality condition
/0 POy oD (@) ds = /0 1 Oy ©dE =8, (38D
and since 0@ (0) = 1,
0= P0P =0 =2 j=12... (3-82)
The eigenvalues are shifted by g:
~(0P)? =-(")’ -7, j=1.2... (3-83)

Let {a(q) (q)} j=1,...,¢ be the parameters obtained by solving the discrete
inverse spectral problem with data Qb(q) The reconstruction mapping

9, : 9D - R

gives the sequence of 2{ = % pointwise values

@ 4" @ %

q) _ ] ~q) _ J s __

O—] = A(O)’ O'j‘f‘l_ﬁ’ ]—1,,6 (3-84)
j o

We have the following result stated and proved in [Borcea et al. 2005]. See the
review of the proof in Appendix F.

Lemma 3. The point values Oj( 7 satisfy the finite difference discretization of

initial value problem (3-77), on the optimal grid, namely
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o@D @ @ _ o@D
J+1 \/ \/ J 1) —G O_j(q) =0 (3-85)
A(O) O[ (0) -1
J
for j =2,3,...,€,and
@ @
I V% ~v9 @
A(o) (0) o, =1 (3-86)
Moreover, 0'(3_)1 = a(q)a](i)l forj=1,... L

The convergence of the reconstruction o @-¢(¢) follows from this lemma and
a standard finite-difference error analysis [Godunov and Ryabenki 1964] on the
optimal grid satisfying Lemma 2. The reconstruction is defined as in (3-70), by
the piecewise constant interpolation of the point values (3-84) on the optimal
grid.

Theorem 2. As { — oo we have

max ‘a(q) (ci)(g@)‘ —~0 and max \U(q) (q)(f(o) D=0,
1<j=<¢t J 1=

and the reconstruction 0 D+ (¢) converges to 6@ (¢) in L°°[0, 1].

As a corollary to this theorem, we can now obtain that the grid induced by
0@ (¢), with primary nodes §j(q) and dual nodes é‘}q), is asymptotically close to
the optimal grid. The proof is in Appendix F.

Corollary 1. The grid induced by 0@ (¢) is defined by the equations

@) (q)

& §@
/0 ' 0(‘1)@‘) Z (Q) /0 (q)@)dé‘ Za(q) j=1,...,¢,

p=1 p=1

@D — @ o, (3-87)
and satisfies

max {@ - §;0)| — 0,

max 16 max |80 87| -0, ast—oco. (3-88)
=J=

1<j<f+1

3.3.2. Outline of the proof of Theorem 1. The proof given in detail in [Borcea
et al. 2005] has two main steps. The first step is to establish the compactness
of the set of reconstructed conductivities. The second step uses the established
compactness and the uniqueness of solution of the continuum inverse spectral
problem to get the convergence result.
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Step 1: Compactness. We show here that the sequence {o* ($)}¢>1 of recon-
structions (3-70) has bounded variation.

Lemma 4. The sequence {0j,6j11}j=1,.. ¢ of (3-69) returned by the reconstruc-

tion mapping 2, satisfies

.....

L 14
Z ‘log(}jﬂ —logo*j‘ + Z |10g6j+1 —logoj+1| <C, (3-89)
j=1 j=1

where the constant C is independent of £. Therefore the sequence of reconstruc-
tions {ot (¢ )}¢>1 has uniformly bounded variation.

Our original formulation is not convenient for proving (3-89), because when
written in Schrodinger form, it involves the second derivative of the conductivity,
as seen from (3-73). Thus, we rewrite the problem in first order system form,
which involves only the first derivative of ¢ ({), which is all we need to show
(3-89). At the discrete level, the linear system of £ equations

€]

AV — AV = —— (3-90)
@
for the potential ¥ = (V7,..., V)T is transformed into the system of 2¢ equations
1 1 (]
BH2W —VAHIW = — (3-91)
VA
for the vector W = (W, Wz, o, Wy, Wg+1)T with components
. 5 Vil —V;
W= JoiVi, Wyp=—2LUH 0 i (392)
v )\O’I a}o)

Here H = diag (a(o) (0), e ,&Eo) (0)) and B is the tridiagonal, skew-sym-

metr 1C matrlx
0 B 0 0

—f1 0 B2 0
B=10 - 0 . (3-93)
0 ... —B2e—1 O

with entries

1 Op+1 Op+1
132]7 — _ p+ (0) 17+ (3 94)
\/OlpO[p_}_] (0) (0) +1
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and

(0) Op+ 1 (3_95)

Up—H
Bap—1= \/— oF (0)\/ =By
ap o

Note that we have

(0)

l
1 ) : )
=3 Z [log 641 —logap| + 5 > " |logbyy1 —logopyi]. (3-96)
p=1 p=1
and we can prove (3-89) using the method of small perturbations. Recall defini-
tions (3-71) and let

AST =rAS;, A& =rAE. =1L (3-97)

where r € [0, 1] is an arbitrary continuation parameter. Let also ,3]’ be the entries
of the tridiagonal, skew-symmetric matrix B” determined by the spectral data
8; = 5](0) + AS} and SJ’ = é}o) + A&7 for j =1,..., L. We explain in Appendix
G how to obtain explicit formulae for the perturbations d log ]’ in terms of the
eigenvalues and eigenvectors of matrix B” and perturbations d 8; = Adjdr and
d& ]’ = A&jdr. These perturbations satisfy the uniform bound

2£—1
> |dlogBj| < Cyldr|. (3-98)

j=1

with constant C; independent of £ and r. Then,

. 1
log bi = | dlogp’ (3-99)
(0) J
g Jo
24—1
satisfies the uniform bound Z log < Cy and (3-89) follows from (3-96).
j=1

Step 2: Convergence. Recall from Section 3.2 that the eigenvectors Y; of 4 are

orthonormal with respect to the weighted inner product (3-30). Then, the matrix

/2

Y with columns diag(&, y 1/ )Y is orthogonal and we have

£
¥YyTy, =4 Zéj =1 (3-100)
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Similarly

"(0) Z &-(0) 24 (0) (3_101)

where we used (3-63), and since A§; are summable by assumption (3-74),

A

& R 1
01 = =y = (1 +a! Z Ag,) =1+0@")=1+0 (Z) . (3-102)
1

But o (0) =07, and since ae (¢) has bounded variation by Lemma 4, we conclude
that o¢(¢) is uniformly bounded in ¢ € [0, 1].

Now, to show that o' (&) = o(¢) in L0, 1], suppose for contradiction that it
does not. Then, there exists & > 0 and a subsequence o such that

¢
lo™ =0l =€

But since this subsequence is bounded and has bounded variation, we conclude
from Helly’s selection principle and the compactness of the embedding of the
space of functions of bounded variation in L]0, 1] (see [Natanson 1955]) that
it has a subsequence that converges pointwise and in L1[0, 1]. Call again this
subsequence o** and denote its limit by 6* # o. Since the limit is in L'[0, 1],
we have by definitions (3-55) and Remark 3,

z(é;afk):/o§ LN Z(§;0)=/0§i,

olr (1) o*(t)
¢ ¢
f(g;afk)zfo otk (1) dt — 2(5;&):/ o (1) dt.

0

(3-103)

The continuity of fT with respect to the conductivity gives fT(A;ot) —
fY(A;0*). However, Lemma 1 and (3-51) show that fT(A;0%) — fT(A;0)
by construction, and since the inverse spectral problem has a unique solution
[Gel’fand and Levitan 1951; Levitan 1987; Coleman and McLaughlin 1993;
Poschel and Trubowitz 1987], we must have 0* = o. We have reached a
contradiction, so o' (&) = o(¢) in L'[0, 1]. The pointwise convergence can be
proved analogously.

Remark 4. All the elements of the proof presented here, except for establishing
the bound (3-98), apply to any measurement setup. The challenge in proving
convergence of inversion on optimal grids for general measurements lies entirely
in obtaining sharp stability estimates of the reconstructed sequence with respect
to perturbations in the data. The inverse spectral problem is stable, and this is
why we could establish the bound (3-98). The EIT problem is exponentially
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unstable, and it remains an open problem to show the compactness of the function
space of reconstruction sequences ot from measurements such as (3-49).

4. Two-dimensional media and full boundary measurements

We now consider the two-dimensional EIT problem, where o = o (r, ) and we
cannot use separation of variables as in Section 3. More explicitly, we cannot
reduce the inverse problem for resistor networks to one of rational approximation
of the eigenvalues of the DtN map. We start by reviewing in Section 4.1 the
conditions of unique recovery of a network (I, y) from its DtN map A, defined
by measurements of the continuum A,. The approximation of the conductivity
o from the network conductance function y is described in Section 4.2.

4.1. The inverse problem for planar resistor networks. The unique recoverabil-
ity from A, of a network (I, y) with known circular planar graph I" is established
in [Colin de Verdiere 1994; Colin de Verdiere et al. 1996; Curtis et al. 1994;
Curtis et al. 1998]. A graph I' = (%, €) is called circular and planar if it can be
embedded in the plane with no edges crossing and with the boundary nodes lying
on a circle. We call by association the networks with such graphs circular planar.
The recoverability result states that if the data is consistent and the graph I is
critical then the DtN map A, determines uniquely the conductance function y.
By consistent data we mean that the measured matrix A, belongs to the set of
DtN maps of circular planar resistor networks.

A graph is critical if and only if it is well-connected and the removal of any
edge breaks the well-connectedness. A graph is well-connected if all its circular
pairs (P, Q) are connected. Let P and Q be two sets of boundary nodes with the
same cardinality | P| = |Q|. We say that (P, Q) is a circular pair when the nodes
in P and Q lie on disjoint segments of the boundary %. The pair is connected if
there are | P| disjoint paths joining the nodes of P to the nodes of Q.

A symmetric n X n real matrix A, is the DtN map of a circular planar resistor
network with n boundary nodes if its rows sum to zero A, 1 = 0 (conservation
of currents) and all its circular minors (A, ) p,p have nonpositive determinant.
A circular minor (A )p, o is a square submatrix of A, defined for a circular
pair (P, Q), with row and column indices corresponding to the nodes in P and
0, ordered according to a predetermined orientation of the circle %. Since
subsets of P and Q with the same cardinality also form circular pairs, the
determinantal inequalities are equivalent to requiring that all circular minors
be totally nonpositive. A matrix is totally nonpositive if all its minors have
nonpositive determinant.

Examples of critical networks were given in Section 2.2, with graphs I
determined by tensor product grids. Criticality of such networks is proved in
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P P

q r q r
Y A

Figure 6. Given some conductances in the Y network, there is
a choice of conductances in the A network for which the two
networks are indistinguishable from electrical measurements at
the nodes p, g and r.

[Curtis et al. 1994] for an odd number n of boundary points. As explained in
Section 2.2 (see in particular (2-14)), criticality holds when the number of edges
in € is equal to the number n(n—1)/2 of independent entries of the DtN map A ,.

The discussion in this section is limited to the tensor product topology, which is
natural for the full boundary measurement setup. Two other topologies admitting
critical networks (pyramidal and two-sided), are discussed in more detail in
Sections 5.2.1 and 5.2.2. They are better suited for partial boundary measurements
setups [Borcea et al. 2010b; 2011].

Remark 5. It is impossible to recover both the topology and the conductances
from the DtN map of a network. An example of this indetermination is the
so-called Y — A transformation given in Figure 6. A critical network can be
transformed into another by a sequence of Y — A transformations without affecting
the DtN map [Curtis et al. 1998].

4.1.1. From the continuum to the discrete DtN map. Ingerman and Morrow
[1998] showed that pointwise values of the kernel of A, at any n distinct
nodes on % define a matrix that is consistent with the DtN map of a circular
planar resistor network, as defined above. We consider a generalization of these
measurements, taken with electrode functions x4(6), as given in (3-46). It is
shown in [Borcea et al. 2008] that the measurement operator M, in (3-46) gives
a matrix M, (A,) that belongs to the set of DtN maps of circular planar resistor
networks. We can equate therefore

Mn(Aa)sz, 4-1)

and solve the inverse problem for the network (I, y) to determine the conductance
y from the data A .
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4.2. Solving the 2D problem with optimal grids. To approximate o (x) from
the network conductance y we modify the reconstruction mapping introduced in
Section 3.2 for layered media. The approximation is obtained by interpolating
the output of the reconstruction mapping on the optimal grid computed for the
reference 0(®) = 1. This grid is described in Sections 2.2 and 3.2.2. But which
interpolation should we take? If we could have grids with as many points as
we wish, the choice of the interpolation would not matter. This was the case
in Section 3.3, where we studied the continuum limit n — oo for the inverse
spectral problem. The EIT problem is exponentially unstable and the whole
idea of our approach is to have a sparse parametrization of the unknown o.
Thus, 7 is typically small, and the approximation of o should go beyond ad-hoc
interpolations of the parameters returned by the reconstruction mapping. We
show in Section 4.2.3 how to approximate o with a Gauss—Newton iteration
preconditioned with the reconstruction mapping. We also explain briefly how
one can introduce prior information about o in the inversion method.

4.2.1. The reconstruction mapping. The idea behind the reconstruction mapping
is to interpret the resistor network (I", ) determined from the measured A, =
M, (Ay) as a finite-volume discretization of the equation (1-1) on the optimal
grid computed for 6(®) = 1. This is what we did in Section 3.2 for the layered
case, and the approach extends to the two-dimensional problem.

The conductivity is related to the conductances y (E), for E €€, via quadrature
rules that approximate the current fluxes (2-5) through the dual edges. We could
use for example the quadrature in [Borcea et al. 2010a; 2010b; Mamonov 2010],
where the conductances are
L (Za,b)

PEa wmelit]) GEL0) @)

Ya,b = U(Pa,b)
where L denotes the arc length of the primary and dual edges £ and ¥ (see
Section 2.1 for the indexing and edge notation). Another example of quadrature
is given in [Borcea et al. 2008]. It is specialized to tensor product grids in a
disk, and it coincides with the quadrature (3-8) in the case of layered media. For
inversion purposes, the difference introduced by different quadrature rules is
small (see [Borcea et al. 2010a, Section 2.4]).

To define the reconstruction mapping 2, we solve two inverse problems for
resistor networks. One with the measured data A, = M, (Ay), to determine
the conductance y, and one with the computed data A ) = Myu(A 4@ ), for the
reference 0(® = 1. The latter gives the reference conductance y© which we
associate with the geometrical factor in (4-2)

) L(Ea,b)

~ bl 4-3
Yab ™ T(Eup) )
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so that we can write

Ya,b
(0)°
a,b

O—(Pa,b) X Og,p = (4-4)

Note that (4-4) becomes (3-40) in the layered case, where (3-8) gives aj =
h0/7’j+%,q and &; = h9Vj,q+%' The factors hg cancel out.

Let us call &, the set in R® of e = n(n — 1)/2 independent measurements
in M, (As), obtained by removing the redundant entries. Note that there are
e edges in the network, as many as the number of the data points in %,, given
for example by the entries in the upper triangular part of M, (Ay), stacked
column by column in a vector in R¢. By the consistency of the measurements
(Section 4.1.1), 9, coincides with the set of the strictly upper triangular parts of
the DtN maps of circular planar resistor networks with # boundary nodes. The
mapping 2, : 9, — R4 associates to the measurements in %, the e positive
values o, p in (4-4).

We illustrate in Figure 7(b) the output of the mapping 2, linearly interpolated
on the optimal grid. It gives a good approximation of the conductivity that
is improved further in Figure 7(c) with the Gauss—Newton iteration described
below. The results in Figure 7 are obtained by solving the inverse problem for the
networks with a fast layer peeling algorithm [Curtis et al. 1994]. Optimization
can also be used for this purpose, at some additional computational cost. In any
case, because we have relatively few n(n—1)/2 parameters, the cost is negligible
compared to that of solving the forward problem on a fine grid.

4.2.2. The optimal grids and sensitivity functions. The definition of the tensor
product optimal grids considered in Sections 2.2 and 3 does not extend to partial
boundary measurement setups or to nonlayered reference conductivity functions.
We present here an alternative approach to determining the location of the
points P, ; at which we approximate the conductivity in the output (4-4) of
the reconstruction mapping. This approach extends to arbitrary setups, and it is
based on the sensitivity analysis of the conductance function y to changes in the
conductivity [Borcea et al. 2010b].

The sensitivity grid points are defined as the maxima of the sensitivity functions
Dgyqa,p(x). They are the points at which the conductances y,, , are most sensitive
to changes in the conductivity. The sensitivity functions Dy ) (x) are obtained
by differentiating the identity A, o) = My, (As) with respect to o

(Do) (¥) = (DyAy |5 _arany) Voo (Mu(DHo)(x)), x €Q. (4-5)

The left-hand side is a vector in R¢. Its k—th entry is the Fréchet derivative of
conductance y with respect to changes in the conductivity o. The entries of the
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Figure 7. (a) True conductivity phantoms. (b) The output of
the reconstruction mapping 24, linearly interpolated on a grid
obtained for layered media as in Section 3.2.2. (c) One step of
Gauss—Newton improves the reconstructions.

pcws constant

(a)

Jacobian D, A, € R°*¢ are

oA
(DyAy) = (vec (ka)) K (4-6)
J

where vec(A) denotes the operation of stacking in a vector in R¢ the entries in
the strict upper triangular part of a matrix A4 € R”*", The last factor in (4-5) is
the sensitivity of the measurements to changes of the conductivity, given by

/ Xi(xX) DI (x;x, p)x; (y)dx dy, i %],
BXRB

(Mn(D%a))ij (x) = (4-7)

—Z / Xi(X)DHs(x;x, V) xe () dx dy, i=j.
ki g5

Here Hs (x, p) is the kernel of the DtN map evaluated at points x and y € 9. Its

Jacobian to changes in the conductivity is

D¥5(x:;x,)

= (x)o (M| Vx (1(x) - VxG(x, %))} - {Ve (n() -V, G(x, )}, (4-8)
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0 (V] 0
Da)’l,l/z/yl(’l)/z D0V3/2,0/V3(/;’0 Da)’z,l/z/)/z(,l)/z

Da)/s/z,o/l/5(%,o D0V3,1/2/V3(?1)/2

Figure 8. Sensitivity functions diag(1/y®)D,y computed
around the conductivity o = 1 for n = 13. The images have a lin-
ear scale from dark blue to dark red spanning =+ their maximum
in absolute value. Light green corresponds to zero. We only
display 6 sensitivity functions, the other ones can be obtained
by integer multiple of 27/13 rotations. The primary grid is
displayed in solid lines and the dual grid in dotted lines. The
maxima of the sensitivity functions are very close to those of
the optimal grid (intersection of solid and dotted lines).

where G is the Green’s function of the differential operator u — V - (6 Vu) with
Dirichlet boundary conditions, and n(x) is the outer unit normal at x € %B. For
more details on the calculation of the sensitivity functions see [Borcea et al.
2010b, Section 4].

The definition of the sensitivity grid points is

P, p = arg maé (Do Va,p)(x), evaluated at 0 = o =1, (4-9)
xe
We display in Figure 8 the sensitivity functions with the superposed optimal grid

obtained as in Section 3.2.2. Note that the maxima of the sensitivity functions
are very close to the optimal grid points in the full measurements case.

4.2.3. The preconditioned Gauss—Newton iteration. Since the reconstruction
mapping 9, gives good reconstructions when properly interpolated, we can think
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of it as an approximate inverse of the forward map M, (A,) and use it as a
nonlinear preconditioner. Instead of minimizing the misfit in the data, we solve
the optimization problem

min| 2, (vee(M(Ao))) — 2 (vee(Mn (A, ) 5. (4-10)

Here oy is the conductivity that we would like to recover. For simplicity the
minimization (4-10) is formulated with noiseless data and no regularization. We
refer to [Borcea et al. 2011] for a study of the effect of noise and regularization
on the minimization (4-10).

The positivity constraints in (4-10) can be dealt with by solving for the
log-conductivity ¥k = In(o) instead of the conductivity o. With this change of
variable, the residual in (4-10) can be minimized with the standard Gauss—Newton
iteration, which we write in terms of the sensitivity functions (4-5) evaluated at
o) = eXpK(j):

kU+D = ) _ (diag(l/y(o)) Dgy diag(exp K(j)))Jr
X [Qn(VCC(Mn (Aepr(j)))) — 9 (VeC(Mn(Aa*)))} (4-11)

The superscript T denotes the Moore—Penrose pseudoinverse and the division is
understood componentwise. We take as initial guess the log-conductivity k© =
Ino @, where 0@ is given by the linear interpolation of 9, (vec(M,(Ay,)) on
the optimal grid (i.e., the reconstruction from Section 4.2.1). Having such a
good initial guess helps with the convergence of the Gauss—Newton iteration.
Our numerical experiments indicate that the residual in (4-10) is mostly reduced
in the first iteration [Borcea et al. 2008]. Subsequent iterations do not change
significantly the reconstructions and result in negligible reductions of the residual
in (4-10). Thus, for all practical purposes, the preconditioned problem is linear.
We have also observed in [Borcea et al. 2008; 2011] that the conditioning of the
linearized problem is significantly reduced by the preconditioner 2,,.

Remark 6. The conductivity obtained after one step of the Gauss—Newton
iteration is in the span of the sensitivity functions (4-5). The use of the sensitivity
functions as an optimal parametrization of the unknown conductivity was studied
in [Borcea et al. 2011]. Moreover, the same preconditioned Gauss—Newton
idea was used in [Guevara Vasquez 2006] for the inverse spectral problem of
Section 3.2.

We illustrate the improvement of the reconstructions with one Gauss—Newton
step in Figure 7 (c). If prior information about the conductivity is available, it
can be added in the form of a regularization term in (4-10). An example using
total variation regularization is given in [Borcea et al. 2008].
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5. Two-dimensional media and partial boundary measurements

In this section we consider the two-dimensional EIT problem with partial bound-
ary measurements. As mentioned in Section 1, the boundary 9 is the union of the
accessible subset 3B 4 and the inaccessible subset &B;. The accessible boundary
%4 may consist of one or multiple connected components. We assume that the
inaccessible boundary is grounded, so the partial boundary measurements are a
set of Cauchy data {u|%A , (on- Vu)|%A}, where u satisfies (1-1) and u|g, = 0.
The inverse problem is to determine o from these Cauchy data.

Our inversion method described in the previous sections extends to the partial
boundary measurement setup. But there is a significant difference concerning
the definition of the optimal grids. The tensor product grids considered so far
are essentially one-dimensional, and they rely on the rotational invariance of the
problem for 0(© = 1. This invariance does not hold for the partial boundary
measurements, so new ideas are needed to define the optimal grids. We present
two approaches in Sections 5.1 and 5.2. The first one uses circular planar
networks with the same topology as before, and mappings that take uniformly
distributed points on % to points on the accessible boundary % 4. The second
one uses networks with topologies designed specifically for the partial boundary
measurement setups. The underlying two-dimensional optimal grids are defined
with sensitivity functions.

5.1. Coordinate transformations for the partial data problem. The idea of the
approach described in this section is to map the partial data problem to one
with full measurements at equidistant points, where we know from Section 4
how to define the optimal grids. Since €2 is a unit disk, we can do this with
diffeomorphisms of the unit disk to itself.

Let us denote such a diffeomorphism by F and its inverse F~! by G. If the
potential u satisfies (1-1), then the transformed potential u(x) = u(F(x)) solves
the same equation with conductivity & defined by

_GMo() (G )T

5(x) = ,
Ol | e

(5-1)

where G’ denotes the Jacobian of G. The conductivity & is the push forward
of o by G, and it is denoted by Go. Note that if G'(y) G’ )T # 1 and
det G’(y) # 0, then & is a symmetric positive definite tensor. If its eigenvalues
are distinct, then the push forward of an isotropic conductivity is anisotropic.
The push forward g4« Ao of the DtN map is written in terms of the restrictions
of diffeomorphisms G and F to the boundary. We call these restrictions g = G|,
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and f = F|g and write

((gxNo)uz)(0) = (Ao (ug 0 €))(T)le= 1) - 0 €[0.2m), (5-2)

for ug € H'/ 2(®). It is shown in [Sylvester 1990] that the DtN map is invariant
under the push forward in the following sense

gxAo = AG,o- (5-3)

Therefore, given (5-3) we can compute the push forward of the DtN map, solve
the inverse problem with data g« A4 to obtain G40, and then map it back using
the inverse of (5-2). This requires the full knowledge of the DtN map. However,
if we use the discrete analogue of the above procedure, we can transform the
discrete measurements of A, on B4 to discrete measurements at equidistant
points on %, from which we can estimate ¢ as described in Section 4.

There is a major obstacle to this procedure: The EIT problem is uniquely
solvable only for isotropic conductivities. Anisotropic conductivities are de-
termined by the DtN map only up to a boundary-preserving diffeomorphism
[Sylvester 1990]. Two distinct approaches to overcome this obstacle are described
in Sections 5.1.1 and 5.1.2. The first uses conformal mappings F and G that
preserve the isotropy of the conductivity at the expense of rigid placement of
the measurement points. The second approach uses extremal quasiconformal
mappings that minimize the artificial anisotropy of & introduced by the placement
at our will of the measurement points in B 4.

5.1.1. Conformal mappings. The push forward G«o of an isotropic o is isotropic
if G and F satisfy G’ ((G")T) = I and F’ ((F")T) = I. This means that the
diffeomorphism is conformal and the push forward is simply

G.o=00F. (5-4)

Since all conformal mappings of the unit disk to itself belong to the family of
Mobius transforms [Lavrentiev and Shabat 1987], F must be of the form

F(z):eiwlz;a, zeC, |z| <1, we[0,27), a€C, |a| <1, (5-5)
—daz

where we associate R? with the complex plane C. Note that the group of
transformations (5-5) is extremely rigid, its only degrees of freedom being the
numerical parameters a and .

To use the full data discrete inversion procedure from Section 4 we require
that G maps the accessible boundary segment % 4 = {ei YItel-8, ,3]} to the
whole boundary with the exception of one segment between the equidistant
measurement points 6, k = (n+1)/2, (n+ 3)/2 as shown in Figure 9. This
determines completely the values of the parameters a and w in (5-5) which in
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Figure 9. The optimal grid in the unit disk (left) and its image
under the conformal mapping F' (right). Primary grid lines are
solid black, dual grid lines are dotted black. Boundary grid
nodes: primary X, dual o. The accessible boundary segment % 4
is indicated by the outermost arc (thick solid line).

turn determine the mapping / on the boundary. Thus, we have no further control
over the positioning of the measurement points 1 = f(0;), k =1,...,n.

As shown in Figure 9 the lack of control over 7 leads to a grid that is highly
nonuniform in angle. In fact it is demonstrated in [Borcea et al. 2010a] that
as n increases there is no asymptotic refinement of the grid away from the
center of B 4, where the points accumulate. However, since the limit 7 — oo is
unattainable in practice due to the severe ill-conditioning of the problem, the
grids obtained by conformal mapping can still be useful in practical inversion.
We show reconstructions with these grids in Section 5.3.

5.1.2. Extremal quasiconformal mappings. To overcome the issues with confor-
mal mappings that arise due to the inherent rigidity of the group of conformal
automorphisms of the unit disk, we use here quasiconformal mappings. A
quasiconformal mapping F obeys a Beltrami equation in €2

E=nO5 e <1, 56

z 0z

with a Beltrami coefficient p(z) that measures how much F differs from a
conformal mapping. If u = 0, then (5-6) reduces to the Cauchy—Riemann
equation and F' is conformal. The magnitude of p also provides a measure of
the anisotropy « of the push forward of o by F. The anisotropy is defined by

VA1) /Aa(2) -1 ]
k(Fx0,z) = NG (5-7)
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where A1(z) and A,(z) are the largest and smallest eigenvalues of Fyo respec-
tively. The connection between p and « is given by

K (Fxo,2) = |pn(2)], (5-8)
and the maximum anisotropy is

k(Fx0) = supk(Fx0,2) = ||t oo- (5-9)
z

Since the unknown conductivity is isotropic, we would like to minimize the
amount of artificial anisotropy that we introduce into the reconstruction by using
F. This can be done with extremal quasiconformal mappings, which minimize
| it|loo under constraints that fix f = F|g, thus allowing us to control the
positioning of the measurement points 7z = f(6), fork =1,...,n.

For sufficiently regular boundary values f there exists a unique extremal
quasiconformal mapping that is known to be of a Teichmiiller type [Strebel
1976]. Its Beltrami coefficient satisfies

¢(2)

u(z) = IIMIIOOM, (5-10)

for some holomorphic function ¢(z) in 2. Similarly, we can define the Beltrami
coefficient for G, using a holomorphic function . It is established in [Reich
1976] that F admits a decomposition

F=V"loAdgod, (5-11)
where

O(z) = / Je@Ddz. W) = / Sz, (5-12)

are conformal away from the zeros of ¢ and ¥, and

Ag(x+iy)=Kx+iy (5-13)
is an affine stretch, the only source of anisotropy in (5-11):
(Fa0) = tloo = | o (5-14)
K = = |—]. -
*0) = oo = 1

Since only the behavior of f at the measurement points 6y, is of interest to us,
it is possible to construct explicitly the mappings ® and W [Borcea et al. 2010a].
They are Schwartz—Christoffel conformal mappings of the unit disk to polygons
of special form, as shown in Figure 10. See [Borcea et al. 2010a, Section 3.4]
for more details.

We demonstrate the behavior of the optimal grids under the extremal quasi-
conformal mappings in Figure 11. We present the results for two different values
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O (I) ) h

Figure 10. Teichmiiller mapping decomposed into conformal
mappings ® and W, and an affine transform Ag. The poles of
¢ and v and their images under ® and W are %, the zeros of ¢
and v and their images under ® and W are [.

Figure 11. The optimal grid under the quasiconformal Teich-
miiller mappings F with different K. Left: K = 0.8 (smaller
anisotropy); right: K = 0.66 (higher anisotropy). Primary grid
lines are solid black, dual grid lines are dotted black. Boundary
grid nodes: primary x, dual o. The accessible boundary segment
B 4 is indicated by the outermost arc (thick solid line).

of the affine stretching constant K. As we increase the amount of anisotropy
from K = 0.8 to K = 0.66, the distribution of the grid nodes becomes more
uniform. The price to pay for this more uniform grid is an increased amount of
artificial anisotropy, which may detriment the quality of the reconstruction, as
shown in the numerical examples in Section 5.3.

5.2. Special network topologies for the partial data problem. The limitations
of the construction of the optimal grids with coordinate transformations can
be attributed to the fact that there is no nonsingular mapping between the full
boundary B and its proper subset % 4. Here we describe an alternative approach,
that avoids these limitations by considering networks with different topologies,
constructed specifically for the partial measurement setups. The one-sided case,
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with the accessible boundary % 4 consisting of one connected segment, is in
Section 5.2.1. The two sided case, with % 4 the union of two disjoint segments, is
in Section 5.2.2. The optimal grids are constructed using the sensitivity analysis
of the discrete and continuum problems, as explained in Sections 4.2.2 and 5.2.3.

5.2.1. Pyramidal networks for the one-sided problem. We consider here the case
of B4 consisting of one connected segment of the boundary. The goal is to
choose a topology of the resistor network based on the flow properties of the
continuum partial data problem. Explicitly, we observe that since the potential
excitation is supported on % 4, the resulting currents should not penetrate deep
into €2, away from % 4. The currents are so small sufficiently far away from % 4
that in the discrete (network) setting we can ask that there is no flow escaping
the associated nodes. Therefore, these nodes are interior ones. A suitable choice
of networks that satisfy such conditions was proposed in [Borcea et al. 2010b].
We call them pyramidal and denote their graphs by I';, with n the number of
boundary nodes.

We illustrate two pyramidal graphs in Figure 12, for » = 6 and 7. Note that it
is not necessary that n be odd for the pyramidal graphs I, to be critical, as was
the case in the previous sections. In what follows we refer to the edges of ',
as vertical or horizontal according to their orientation in Figure 12. Unlike the
circular networks in which all the boundary nodes are in a sense adjacent, there
is a gap between the boundary nodes v and v, of a pyramidal network. This
gap is formed by the bottommost 7 — 2 interior nodes that enforce the condition
of zero normal flux, the approximation of the lack of penetration of currents
away from B 4.

It is known from [Curtis et al. 1998; Borcea et al. 2010b] that the pyramidal
networks are critical and thus uniquely recoverable from the DtN map. Similar
to the circular network case, pyramidal networks can be recovered using a layer

V4

V3 V4 V3 Vs

V2 Vs V2 Ve

U1 Ve U1 v7

Figure 12. Pyramidal networks I';, for n = 6, 7. The boundary
nodes vj, j = 1,...,n are indicated with x and the interior
nodes with o.
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peeling algorithm in a finite number of algebraic operations. We recall such an
algorithm below, from [Borcea et al. 2010b], in the case of even n = 2m. A
similar procedure can also be used for odd #.

Algorithm 1. To determine the conductance y of the pyramidal network (I, y)
from the DN map A ™, perform the following steps:

(1) To compute the conductances of horizontal and vertical edges emanating

from the boundary node v, for each p =1, ..., 2m, define the following
sets:

Z = {vl,...,vp_l,vp+1,...,vm}, C = {vm+2,...,v2m},
H={vy,...,vp}and V ={vp, ..., Up4+1}, in the case p < m.
Z={Unt1s - Vp_1:Vpttis--->V2ms C ={v1, ..., 01},

H={vy,...,vapyand V ={vp, ..., vp}, form+1=<p <2m.

(2) Compute the conductance y (£, ) of the horizontal edge emanating from

Vp using
-1
y(Epn) = (A = Ape(AD) AL (-19)
compute the conductance y (Ep,y) of the vertical edge emanating from v,
using
-1
y(Epa) = (AY), — Ay (A ) AD )1y, (5-16)

where 1) and 1y are column vectors of all ones.

(3) Once y(Ep 1), v(Ep,y) are known, peel the outer layer from I’ to obtain
the subgraph I',,_, with the set ¥ = {wq, ..., ws;,—»} of boundary nodes.
Assemble the blocks Kyy, Kgg, Kgy, Kgg of the Kirchhoff matrix of
(T'x. ), and compute the updated DIN map A "~2) of the smaller network
(I'y—2.7), as follows

AP = Ky — Kga PT(P(A® — Kag) PT) ™' P Kag.  (5-17)

Here P € R"=2)*7 is 3 projection operator: PPT = I,,_,, and K isa
part of Ky that only includes the contributions from the edges connecting
¥ to B.

(4) If m = 1 terminate. Otherwise, decrease m by 1, update n = 2m and go
back to step 1.

Similar to the layer peeling method in [Curtis et al. 1994], Algorithm 1 is
based on the construction of special solutions. In steps 1 and 2 the special
solutions are constructed implicitly, to enforce a unit potential drop on edges
Ep , and E)p , emanating from the boundary node vp. Since the DtN map is
known, so is the current at v,, which equals to the conductance of an edge due
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to a unit potential drop on that edge. Once the conductances are determined for
all the edges adjacent to the boundary, the layer of edges is peeled off and the
DtN map of a smaller network I',,_, is computed in step 3. After m layers have
been peeled off, the network is completely recovered. The algorithm is studied
in detail in [Borcea et al. 2010b], where it is also shown that all matrices that are
inverted in (5-15), (5-16) and (5-17) are nonsingular.

Remark 7. The DtN update formula (5-17) provides an interesting connection
to the layered case. It can be viewed as a matrix generalization of the continued
fraction representation (3-36). The difference between the two formulas is that
(3-36) expresses the eigenvalues of the DN map, while (5-17) gives an expression
for the DtN map itself.

5.2.2. The two-sided problem. We call the problem two-sided when the acces-
sible boundary 3B 4 consists of two disjoint segments of %B. A suitable network
topology for this setting is that of a two-sided graph T}, shown in Figure 13. The
number of boundary nodes #» is assumed even n = 2m. Half of the nodes are on
one segment of the boundary and the other half on the other, as illustrated in the
figure. Similar to the one-sided case, the two groups of m boundary nodes are
separated by the outermost interior nodes, which model the lack of penetration
of currents away from the accessible boundary segments. One can verify that
the two-sided network is critical, and thus it can be uniquely recovered from the
DtN map by the Algorithm 2 given below.

When referring to either the horizontal or vertical edges of a two sided network,
we use their orientation in Figure 13.

x1 x"2 V4

% % %
V10 Vg vg v7 Ve

Figure 13. Two-sided network 7}, for » = 10. Boundary nodes
vj, j =1,...,n are x, interior nodes are o.
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Algorithm 2. To determine the conductance y of the two-sided network (75, y)
from the DtN map A, perform the following steps:

(1) Peel the lower layer of horizontal resistors:
For p=m+2,m+3,...,2m define the sets

Z={p+1,p+2,....p+m—1} and C={p—-2,p—3,..., p—mj}.

The conductance of the edge E), ; » between vp and vy, where ¢ = p — 1,
is given by

V(Epgn)=—Apg+Apc(Azc) 'Azy. (5-18)

Assemble a symmetric tridiagonal matrix A with off-diagonal entries

_V(Ep,p—l,h)

and rows summing to zero. Update the lower right m-by-m block of the
DtN map by subtracting A from it.

2) Lets=m—1.

(3) Peel the top and bottom layers of vertical resistors:
For p =1,2,...,2m define the sets L ={p—1,p—2,..., p—s} and
R={p+1,p+2,...,p+s}. If p<m/2forthe top layer, or p > 3m/2
for the bottom layer, set Z = L, C = R. Otherwise let Z = R, C = L.
The conductance of the vertical edge emanating from v, is given by

Y (Epw) :Ap,p_Ap,C(AZ,C)_lAZ,p~ (5-19)
Let D = diag (y(E p,v)) and update the DtN map

Ay=—D—-D(A,+D)"' D, (5-20)

(4) If s =1 go to step (7). Otherwise decrease s by 2.

(5) Peel the top and bottom layers of horizontal resistors:
For p =1,2,...,2m define the sets L ={p—1,p—2,..., p—s} and
R={p+2,p+3,....p+s+ 1}. If p <m/2 for the top layer, or
p < 3m/2 for the bottom layer, set Z = L, C = R, ¢ = p + 1. Otherwise
let Z=R,C =L,q= p—1. The conductance of the edge connecting v,
and vy is given by (5-18). Update the upper left and lower right blocks of
the DtN map as in step (1).

(6) If s =0 go to step (7), otherwise go to (3).

(7) Determine the last layer of resistors. If m is odd the remaining vertical
resistors are the diagonal entries of the DtN map. If m is even, the remaining
resistors are horizontal. The leftmost of the remaining horizontal resistors
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Y(Eq 2 p) is determined from (5-18) with p =1, g =m +1, C = {1,2},
Z ={m+ 1,m+ 2} and a change of sign. The rest are determined by

V(Ep pr1,0) = (Apar — Apc(Az,c)"Az g)l, (5-21)
where p=2,3,...,m—1,

C={p-1Lpp+1}, Z={p+m—1,p+m, p+m+1},
H={p+m—1,p+m}, 1=1,1T.

Similar to Algorithm 1, Algorithm 2 is based on the construction of special
solutions examined in [Curtis et al. 1994; Curtis and Morrow 2000]. These
solutions are designed to localize the flow on the outermost edges, whose conduc-
tance we determine first. In particular, formulas (5-18) and (5-19) are known as
the “boundary edge” and “boundary spike” formulas [Curtis and Morrow 2000,
Corollaries 3.15 and 3.16].

5.2.3. Sensitivity grids for pyramidal and two-sided networks. The underlying
grids of the pyramidal and two-sided networks are truly two-dimensional, and
they cannot be constructed explicitly as in Section 3 by reducing the problem to a
one-dimensional one. We define the grids with the sensitivity function approach
described in Section 4.2.2. The computed sensitivity grid points are presented
in Figure 14, and we observe a few important properties. First, the neighboring
points corresponding to the same type of resistors (vertical or horizontal) form

Figure 14. Sensitivity optimal grids in the unit disk for the
pyramidal network I, (left) and the two-sided network 7, (right)
with n = 16. The accessible boundary segments % 4 are solid red.
The symbol [J corresponds to vertical edges, % corresponds to

horizontal edges, and measurement points are marked with x.
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rather regular virtual quadrilaterals. Second, the points corresponding to different
types of resistors interlace in the sense of lying inside the virtual quadrilaterals
formed by the neighboring points of the other type. Finally, while there is some
refinement near the accessible boundary (more pronounced in the two-sided case),
the grids remain quite uniform throughout the covered portion of the domain.

Note from Figure 13 that the graph 7}, lacks upside-down symmetry. Thus,
it is possible to come up with two sets of optimal grid nodes, by fitting the
measured DIN map M, (As) once with a two-sided network and the second
time with the network turned upside-down. This way the number of nodes in the
grid is essentially doubled, thus doubling the resolution of the reconstruction.
However, this approach can only improve resolution in the direction transversal
to the depth.

5.3. Numerical results. We present in this section numerical reconstructions
with partial boundary measurements. The reconstructions with the four methods
from Sections 5.1.1, 5.1.2, 5.2.1 and 5.2.2 are compared row by row in Figure 15.
We use the same two test conductivities as in Figure 7(a). Each row in Figure 15
corresponds to one method. For each test conductivity, we show first the piecewise
linear interpolation of the entries returned by the reconstruction mapping 2,, on
the optimal grids (first and third column in Figure 15). Since these grids do not
cover the entire €2, we display the results only in the subset of 2 populated by the
grid points. We also show the reconstructions after one-step of the Gauss—Newton
iteration (4-11) (second and fourth columns in Figure 15).

As expected, reconstructions with the conformal mapping grids are the worst.
The highly nonuniform conformal mapping grids cannot capture the details of
the conductivities away from the middle of the accessible boundary. The recon-
structions with quasiconformal grids perform much better, capturing the details
of the conductivities much more uniformly throughout the domain. Although the
piecewise linear reconstructions 2, have slight distortions in the geometry, these
distortions are later removed by the first step of the Gauss—Newton iteration.
The piecewise linear reconstructions with pyramidal and two-sided networks
avoid the geometrical distortions of the quasiconformal case, but they are also
improved after one step of the Gauss—Newton iteration.

Note that while the Gauss—Newton step improves the geometry of the recon-
structions, it also introduces some spurious oscillations. This is more pronounced
for the piecewise constant conductivity phantom (fourth column in Figure 15). To
overcome this problem one may consider regularizing the Gauss—Newton iteration
(4-11) by adding a penalty term of some sort. For example, for the piecewise
constant phantom, we could penalize the total variation of the reconstruction, as
was done in [Borcea et al. 2008].
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Figure 15. Reconstructions with partial data. Same conduc-
tivities are used as in Figure 7. Two leftmost columns: smooth
conductivity. Two rightmost columns: piecewise constant chest
phantom. Columns 1 and 3: piecewise linear reconstructions.
Columns 2 and 4: reconstructions after one step of Gauss—
Newton iteration (4-11). Rows from top to bottom: conformal
mapping, quasiconformal mapping, pyramidal network, two-
sided network. The accessible boundary % 4 is indicated by
solid arcs exterior to each disk. The centers of supports of
measurement (electrode) functions x, are marked with x.
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6. Summary

We presented a discrete approach to the numerical solution of the inverse prob-
lem of electrical impedance tomography (EIT) in two dimensions. Due to the
severe ill-posedness of the problem, it is desirable to parametrize the unknown
conductivity o (x) with as few parameters as possible, while still capturing the
best attainable resolution of the reconstruction. To obtain such a parametrization,
we used a discrete, model reduction formulation of the problem. The discrete
models are resistor networks with special graphs.

We described in detail the solvability of the model reduction problem. First,
we showed that boundary measurements of the continuum Dirichlet to Neumann
(DtN) map A4 for the unknown o (x) define matrices that belong to the set of
discrete DtN maps for resistor networks. Second, we described the types of
network graphs appropriate for different measurement setups. By appropriate
we mean those graphs that ensure unique recoverability of the network from its
DtN map. Third, we showed how to determine the networks.

We established that the key ingredient in the connection between the discrete
model reduction problem (inverse problem for the network) and the continuum
EIT problem is the optimal grid. “Optimal” refers to the fact that finite-volumes
discretization on these grids give spectrally accurate approximations of the DtN
map, the data in EIT. We defined reconstructions of the conductivity using the
optimal grids, and studied them in detail in three cases: (1) layered media and full
boundary measurements, where the problem can be reduced to one dimension
via Fourier transforms; (2) two-dimensional media with measurement access to
the full boundary; and (3) two-dimensional media with access to a subset of the
boundary.

Finally, we illustrated the approach’s performance with numerical simulations.

Appendix A. The quadrature formulas
To understand definitions (3-8), recall Figure 1. Take for example the dual edge

icy s = Py g Py g
where P;_ 1j-1 = Fi(cos éj, sin éj). We have from (2-5) and the change of
variables to z(r) that

Bu(f,-_l,é)de

041
/ o (X)n(x) - Vu(x) ds(x) = /9 o) U

i—7.

~ —h

Julfioi. b)) o (Ui—1,j — Ui,j)
0z z(ri) —z(ri—1)
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which gives the first equation in (3-8). Similarly, the flux across

by = (P;_1

ij+4 L+t Pirs )

is given by

/ o(x)n(x) - Vu(x)ds(x) = ['ri—lgf’r) 8u(régj+l)dr

Ei.j+%

Qi 6j41) /ff—lam 0
a0 #; r

Uijr1—UG. J)
hg ’

~ (2(Fi) — 2(Fi-1))
which gives the second equation in (3-8).

Appendix B. Continued fraction representation

Let us begin with the system of equations satisfied by the potential V;, which
we rewrite as

bj=bjt1+ajAVigr (0,1,...,0), bo=®g, Viy1 =0, (B-1)
where we let

Vi =Vjt1+a;b;. (B-2)

Combining the first equation in (B-1) with (B-2), we obtain the recursive relation

bj 1
_— = s .=1,2,...,£, B'3
7. I J (B-3)

Qjp1ht

bj+1
Vit1

which we iterate for j decreasing from j = £ —1 to 1, and starting with

b 1
R (B-4)
Ve ooy
The latter follows from the first equation in (B-1) evaluated at j =¥, and boundary

condition V;4; = 0. We obtain that
Vl V1 1

Ffoy=v,/dg =+ = a -
(X)) =V1/Pg be = Biraniv;

; (B-5)
6{1)\ —+ 711

has the continued fraction representation (3-36).
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Appendix C. Derivation of (3-47) and (3-48)
To derive (3-47) let us begin with the Fourier series of the electrode functions
Xq(0) =Y Cyll)e™ ¥ =" Cyh)e 9, (C-1)
kez kez
where the bar denotes complex conjugate and the coefficients are

iko,

L : etkba  fp
Cy(0) = E/o Xq(G)e'kedQ = —nsmc(To). (C-2)

Then, we have
2 14% ik'6
(Ay)pg = fo XpO)Agxg(0)d6 = D Cp(k)Cq(k') / KON ye= %00
k,k'ez

_ LN ik @—00) g2y (KN
= 5= 20 ) f(P)sine ( . ) p#a (C-3)

kez

The diagonal entries are

(Ay)p.p=— Z (Ay)pag

q#p
1 ik0y 7202 (Ko —ik6
=5 Ze ? f(k<)sinc (T) Z e "V, (C-4)
kez q#p

But

Z o~ ik8q _ Z i j 27K (g—1) o~k

a#p
pimk(—t/m _STK) g, o ke, C.5
sin(k /n) ¢ MOk0 =€ €5

Since f(0) = 0, we obtain from (C-4) and (C-5) that (C-3) holds for p = ¢q as
well. This is the result (3-47). Moreover, (3-48) follows from

(A lk@] Z(Ay)p qelkeq

qg=1
n

_ 1 k10, ;o1 2ve 2 (K1Tg i(k—k1)6,
_—nZe lf(kl)smc( 3 )Ze 7,  (C-6)

kiez g=1




RESISTOR NETWORKS FOR ELECTRICAL IMPEDANCE TOMOGRAPHY 107

and the identity

n
Z ei(k—kl)eq _ Z e
qg=1

271(k 2m(k—kj)

@D = gy g, (C-7)

Appendix D. Rational interpolation and Euclidean division

Consider the case m;/, = 1, where F(A) = 1/ FT (L) follows from (3-36). We
rename the coefficients as

K2j_1=OA(j, K2j = Qj, j=1,...,¢, (D-1)

and let A = x2 to obtain

2
FOD) _x+ I . (D-2)

I(2X+.' !

Kop_1X+
20—1 KX

To determine «;, for j = 1,...,2¢, we write first (D-2) as the ratio of two
polynomials of x, Py;(x) and Q,¢_1(x) of degrees 2¢ and 2¢ — 1 respectively,
and seek their coefficients ¢j,

F(x3)  Py(x)  cax® +oponyx®E D+ erx? + ¢

= = (D-3)
X Qor—1(x) ng_IXZZ_l +czg_3x25_3+...+clx
We normalize the ratio by setting ¢y = —1.
Now suppose that we have measurements of F at Ay = xi, fork=1,...,2¢,
and introduce the notation
F(xp)
— = Dy. (D-4)
Xk

We obtain from (D-3) the following linear system of equations for the coefficients

Pry(xg) — D Q2¢—1(x) =0, k=1,...,2¢, (D-5)
or in matrix form
—Dix xl2 —D1X13 —Dlxlze_1 ze c1
—D2X2 .X2 —D2X3 —szze_l ZK Cy
2 2 2 D) —1. (D-6)
2 20—1 .2
—D2gX2[ ng —ngxge c. —ngxzf ng Coy

with right-hand side a vector of all ones. The coefficients are obtained by
inverting the Vandermonde-like matrix in (D-6). In the special case of the
rational interpolation (3-43), it is precisely a Vandermonde matrix. Since the
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condition number of such matrices grows exponentially with their size [Gautschi
and Inglese 1988], the determination of {c;j};—; . 2¢ is an ill-posed problem, as
stated in Remark 1.

Once we have determined the polynomials P,y (x) and Q,y_;(x), we can
obtain {; }j—1,..2¢ by Euclidean polynomial division. Explicitly, let us introduce

.....

a new polynomial Py ,(x) = Eop_px =2 ... 4 ¢y, such that

1 _ 02¢-1(x)
KyX + = s
K3x + . 1 P25_2(X)
Kyg—1X+ P (D-7)
Pra(x)  Poy(x)
K1X + = .
Q2-1(x)  Q2—1(x)
Equating powers of x we get
=2t (D-8)
C2¢—1
and the coefficients of the polynomial P,y_,(x) are determined by
52]' =C2j —K1C2j—1, j=1,...,£—1, (D—9)
50 = Cp. (D—IO)

Then, we proceed similarly to get x5, and introduce a new polynomial Q5 3(x)
such that

1 _ Paa(x) o
ax + | Q—3(x)’

Kyg—1X+

O20-3(x) _ Qap1(x)
Py—p(x)  Py_a(x)

K3x+ X+
K

KopX

Equating powers of x we get ky = ¢oy_1/Ca¢_» and the polynomial Q,y 3(x)
and so on.

Appendix E. The Lanczos iteration

Let us write the Jacobi matrix (3-31) as

A= T | (E-1)



RESISTOR NETWORKS FOR ELECTRICAL IMPEDANCE TOMOGRAPHY 109

where —a; are the negative diagonal entries and b; the positive off-diagonal ones.
Let also
—A = diag(-$3, ..., -87) (E-2)

be the diagonal matrix of the eigenvalues and
Y; = diag(v/&y.. ... V)Y, (E-3)

the eigenvectors. They are orthonormal and the matrix Y = (171, cee, 174) is
orthogonal
Yy’ =v'y =1 (E-4)

The spectral theorem gives that A=-YAYT or, equivalently,
AY =-YA. (E-5)

The Lanczos iteration [Trefethen and Bau 1997; Chu and Golub 2002] determines
the entries ¢; and b; in A by taking equations (E-5) row by row.
Let us denote the rows of Y by

I/ijeij/, j=1,...,¢, (E-6)

and observe from (E-5) that they are orthonormal

WiWg=4jq (E-7)
We get for j = 1 that
4 L
WP =) a1 v2;=a1) &=1, (E-8)
j=1 j=1

which determines &1, and we can set

Wi = Va1 (Ve ..., VE). (E-9)

The first row in (E-5) gives
—a W1 +b1 Wy, =—-WiA, (E-10)

and using the orthogonality in (E-7), we obtain
4
ay=WAWT =3 "8%;. by =laiW —WA|, (E-11)
j=1

and

Wz Ibl_l (CllWl —WlA). (E—IZ)
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The second row in (E-5) gives
bWy —a; Wr + b W3 = —W3 A, (E-13)
and we can compute a, and b, as follows,
ay=WrAW,L | by = |laaWs —WoA— by W] (E-14)

Moreover,

W3 =b2_1 (Clez—WzA—bIWl), (E—IS)

and the equation continues to the next row.

Once we have determined {a;};—; . ¢ and {b;},
iteration described above, we can compute {o;,@;}j—;
from (E-8) that

¢—1 with the Lanczos
¢. We already have

.....

.....

l
=1/ &. (E-16)
j=1

The remaining parameters are determined from the identities

1
aj = < 5]',1 + (1 —31',1),\— . (E-17)

1 /1 1 1
( + ) v b= e
o100 oj \ Qj oj—1 Otj,/O(jOlj_H
Appendix F. Proofs of Lemma 3 and Corollary 1

To prove Lemma 3, let 4 @ be the tridiagonal matrix with entries defined by
{oej@, &]@ }i=1,...,¢> like in (3-29). It is the discretization of the operator in (3-58)
with o »> @, Similarly, let A (©) pe the matrix defined by {a]@, &J@ Yim1,005
the discretization of the second derivative operator for conductivity o(?). By the
uniqueness of solution of the inverse spectral problem and (3-82)—(3-83), the

matrices 4@ and 4@ are related by

~(q) ~(q) ~(0) ~(0)
- « @ ) 1 @ & ~
d1ag<‘/#,..., 1/%)A(4)dlag(‘/ﬁ,..., qu)) —A4© _771.
Otl a€ (xl ae

] (F-1)
They have eigenvectors Yj(q) and Yj(o) respectively, related by
diag(,/&@, o ,/&ﬁ))yj@ - diag(,/&(”), L ,/&y))y;w,

j=1,...,4 (F2)
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and the matrix ¥ with columns (F-2) is orthogonal. Thus, we have the identity

L 12
F¥=aP )y @ =47 @ =1, (F-3)
j=1 j=1
which gives &gq) = &go) by (3-82) or, equivalently
@ _ 0" @
— —1=q@
o, = 8O =1=0'7(0). (F-4)
1

Moreover, straightforward algebraic manipulations of the equations in (F-1) and
definitions (3-84) give the finite difference equations (3-85) and (3-86). O
To prove Corollary 1, recall the definitions (3-84) and (3-87) to write

£(q)

U %1 / I 7
Z J(q) _ /0 G(q)(é') de = Z ](JO)G[gq) - Z l()O)O(tI)(ZI()D)) +o(1).
p=1 p=1

p=1
(F-5)

Here we used the convergence result in Theorem 2 and denote by o(1) a negligible
residual in the limit £ — co. We have

50 J § g
Lo eP@ e =Y aPa @) - [T e @@ a4 o). o)
CJ('(-)izl p=1 0

and therefore

o o, i
0 -8l =c| [T e D@ dc- Y aPo @) | o)
p=1
C =1/ming o @ (). (F-7)

But the first term in the bound is just the error of the quadrature on the optimal
grid, with nodes at QJ@ and weights &J@ = ;5”_’)_1 — ;‘]@, and it converges to zero
by the properties of the optimal grid stated in Lemma 2 and the smoothness of

0@ (¢). Thus, we have shown that

Aj@l — fj(‘jr)l | >0 asl— oo, (F-8)

uniformly in j. The proof for the primary nodes §J@ is similar.
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Appendix G. Perturbation analysis

It is shown in [Borcea et al. 2005, Appendix B] that the skew-symmetric matrix
B given in (3-93) has eigenvalues +id; and eigenvectors

1 o 5 T
’zﬂ(ﬂ:5j)=3(91(51'),ﬂ:l‘dl(5j),---,Hz(5j)»ﬂ:l1ée(5j)) : (G-1)
with
T _ gooo(a3 .
(Y1(8)).....Ye(8)))" =diag(a}.....a;})Y;,
A R \ 1 (G2)
(Y1(8)).. ... Y¢(5)))" =diag(a.....a})Y;
Here Y; = (Y1,j,.... Yy, j)T are the eigenvectors of matrix 4 for the eigenvalues
—67, and Yi=ij...., Y ;)" is the vector with entries
~ You1.; =Yy
V.= ptLi T p G-3
psj 5 (G-3)

G.1. Discrete Gel’fand-Levitan formulation. It is difficult to carry a precise
perturbation analysis of the recursive Lanczos iteration that gives B from the
spectral data. We use instead the following discrete Gel’ fand—Levitan formulation
due to Natterer [1994].

Consider the “reference” matrix B”, for an arbitrary, but fixed r € [0, 1], and
define the lower triangular, transmutation matrix G, satisfying

EGB =EB’G, elTG :elT» (G-4)

where E =1 — ezgezTe. Clearly, if B = B”, then G = G" =1, the identity. In
general G is lower triangular and it is uniquely defined as shown with a Lanczos
iteration argument in [Borcea et al. 2005, Section 6.2].

Next, consider the initial value problem

EBp(A) =i Ep(L), elop() =1, (G-5)

which has a unique solution ¢ (1) € C2£, as shown in [Borcea et al. 2005, Section
6.2]. When A = +£4;, one of the eigenvalues of B, we have

_ V2 Y= 2 y(as;
B8 = oS HEEE) = | [ Y (). (G-6)

and (G-5) holds even for E replaced by the identity matrix. The analogue of
(G-5) for B is

EB"¢"(h) =iME$" (1), e[¢"() =1, (G-7)
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and, using (G-4) and the lower triangular structure of G', we obtain
¢ (£6;) =Gd(£éj), 1=j=L. (G-8)
Equivalently, in matrix form (G-8) and (G-6) give
" =Go®=GYS, (G-9)

where @ is the matrix with columns (G-6), Y is the orthogonal matrix of eigen-
vectors of B with columns (G-1), and § is the diagonal scaling matrix

[2 . —1/2 —1/2 —1/2 —1/2
S = adlag(gl N N T T ) (G-10)

F=®"S"'=GY (G-11)

Then, letting

and using the orthogonality of Y we get
FFT =GGT, (G-12)
where the bar denotes complex conjugate. Moreover, Equation (G-4) gives
EB'F =EB"GY=EGBY=iEGYD =iEFD, (G-13)

where i D = idiag (61, —01,...,08¢, —8¢) is the matrix of the eigenvalues of B.
The discrete Gel’fand-Levitan inversion method proceeds as follows: Start
with a known reference matrix B”, for some r € [0, 1]. The usual choice is
B® = B© the matrix corresponding to the constant coefficient o© = 1.
Determine @ from (G-7), with a Lanczos iteration as explained in [Borcea et al.
2005, Section 6.2]. Then, F = ®” S ! is determined by the spectral data 8;
and SJ’ ,for 1 < j <{. The matrix G is obtained from (G-12) by a Cholesky
factorization, and B follows by solving (G-4), using a Lanczos iteration.

G.2. Perturbation estimate. Consider perturbations d§; = Adjdr and d&; =
Ag;jdr of the spectral data of reference matrix B”. We denote the perturbed
quantities with a tilde as in

D=D"+dD, S=S"+dS, Y=Y +dY, F =Y +dF, (G-14)

with D, S, Y and F defined above. Note that F” =Y”, because G" = I.
Substituting (G-14) in (G-13) and using (G-7), we get

EB"dF =iEY dD+iEdF D". (G-15)
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Now multiply by % YT on the right and use that D" YT = _iyT B’ o obtain
that dW = dFY'T satisfies

EB"dW —EdW B" =iEY dDVY'T, (G-16)
with initial condition

elaw =eldF yrr

= (d,/%,dﬁ&l—él,...,d,/&(—ge,d\/&(—&)WT. (G-17)
2 2 2 2

Similarly, we get from (G-4) and G'" = I that
EdB+EdG B"=EB'dG, eldG =0. (G-18)
Furthermore, Equation (G-12) and F" =Y" give
dF YT +Y dF =dW +dW' =dG +dGT. (G-19)

Equations (G-16)—(G-19) allow us to estimate dp; / ,Bj’ . Indeed, consider the
J,j + 1 component in (G-18) and use (G-19) and the structure of G, dG and
B’ to get
dp;

Bj

=dGjt1,j+1=dGjj =dWjt,j+1—dWj,;,
j=1,...,20—1. (G-20)
The right-hand side is given by the components of d W satistying (G-16)—(G-17)

and calculated explicitly in [Borcea et al. 2005, Appendix C] in terms of the
eigenvalues and eigenvectors of B”. Then, the estimate

dp;
Bi
which is equivalent to (3-98) follows after some calculation given in [Borcea et al.

2005, Section 6.3], using the assumptions (3-74) on the asymptotic behavior of
AS; and A&, ie., of 87 — 8 = rAs; and £ — €17 = rAg;.

2{—1

2

j=1

< Cydr (G-21)
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